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I. ABSTRACf
Recently, many bridges have failed to perform under service loads, scour, floods or

earthquakes. Meanwhile, evidence suggests that a large number of bridges may be deemed
structurally deficient without justification by present inspection and rating procedures. Many
RC (Reinforced Concrete) slab bridges, which are still useable, are now being replaced
before full utilization of their inherent capacity because of a lack of understanding and

knowledge of the effects of deterioration and aging on these bridges. To establish
procedures that allow for the full utilization of RC slab bridge capacity, a 38-year old sample
was loaded to failure. The bridge, which was decommissioned due to its age and
deteriorated state, endured the equivalent loading of 22 rating trucks before failure.

The research was designed to study and determine the abilities of different NnE

(Nondestructive Evaluation) techniques to detect damage and to examine processes for
improving the condition evaluation and rating of concrete slab bridges. Accurate condition
evaluation and rating of bridges is key for improving the present rating and
decommissioning practice. Through this research a better understanding of the complex
behavior of slab bridges at all their limit states has been achieved. Improvements in NDE
(Nondestructive Evaluation) and NLFEA (Nonlinear Finite Element Analysis) have been
accomplished.
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NONDESTRUCTIVE AND DFSTRUCI1VE TESTING
OF A REINFORCED CONCRETE SLAB BRIDGE

AND ASSOCIATED ANALYTICALSTUDIFS

EXECUTIVE SUMMARY

INTRODUcnON
BuisOlResarda

Despite a legislatively mandated program to inventory, iDspect and improve the nation's
bridges following the collapse of the Silver Bridge over the Ohio River at Point Pleasant, West
Virlinia in 1971, bridae collapses and failures have DOt been totally eliminated. In fact, ovec a
five-year period 14 cases of bridge collapse and an additiooal19 cases of bridle failure short of
collapse were cited (HadiprioDO, 1985). However, while present practices have not eliminated
collapses, they are stUl used to decommission and replace many bridalS before full utilization of
their iDhetent capacity.

In addition, it has been DOted that hi&blY redundant brid,e typeS, such as RC slab bridges
with SOWId piers and abuunents, are inherently less likely to collapse due to service loads IDd
natural hazards. An NCHRP review of field tests bas also indicated that redundant bridges may
bave far greater strength than may be anticipated by current rating methods (Burdette and
Goodpasture, 1988). Many of these highly redundant bridges have been, or are being,
decommissioned without full utilization of the available capacities. The fiDaDcial implications can
be staggering ifone considers that the national bridge inventory as of 1987 listed 98,777 RC slab

and T-beam brid,es, of which 15,519 had a SR<SO, aud 57,331 bad SO<SR<80. By
recopizing aod utilizing the inherent capacity of bridges, highway planners can program aud
utilize highway fuDds I!:l()re effectively in the future.

Goals or Research
The primary goal for this research is to study aDd advance the teebnical aspects of inspection,
ratiD& and decommissioning of RC slab bridges. In addition, this test is designed to serve as a
benchmark for future research involving destructive testing of bridges in the field.

The research is specifically oriented around calibration of Nondestructive Evaluation
(NOE) procedures. The NDE procedures studied include visual inspection, truck load testinI,
aad modal testina. Calibration of the modal-test based, quantitative NOE teebnique, developed
by the UC researchers for ODOTIFHWA (Aktan and Ragbavendracbar, 1990), is ODe of the
primary objectives of this research and aootber objective is the determination of the usefulness
of this technique to future bridge evaluation.

ADotber aoa) of the research is leaminI about RC slab bridge behavior at differeDllimit
stales, particularly at failure. This is a particularly vital aspect of the research, since without
pinina an experimental undentandina of the behavior of concrete slab bridges, it wUl be
impossible to improve the methods for ratiol simBar bridles.

A final aoaJ of the research is to explore analytical tools, including linearized
identification of 3-D finite element models for bridge rating and 3-D nonlinear finite element



analysis (NLFEA) of complete. aged bridses which may bave properties affec:ted by oamaae and
deterioration. These were studied through extensive efforts in predictive analysis and post

destructive test correlation studies.

TEST SPECIMEN AND CONDmON
Desaiption or Test Specimen

The test specimen (Figure l(a» is a 3-span. reinforced concrete (RC) skewed slab bridge
which was constructed in 1954. The piers are set on footings placed on the bedrock, whereas the
abUbDems are placed OD steel piles driven to the bedrock. The piers and abutments are all
skewed at a 30 degree angle.

Material Properties and Bridge Condition

Desip drawings indicate ·class C· concrete while DO reference was made to the
reinforcing steel grade. Four-inch diameter core samples through the asphalt overlay aDd the
concrete deck were taken to study the material properties and their variations.

Concrete corina revealed that concrete in the shoulder reaions was severely deteriorated.
It was not possible to obtain sound cores from the shoulders since the concrete under the asphalt
would crumble during coring and would then jam the bit. Throughout the driving lanes, fulI

depth, solid cores could be obtained.
An asphalt overlay prevented the researchers from studying the top surface of the deck

for their initial damage surveys. Since overlays are common, especially over older bridge decks,
the researchers decided to exteDSively search for damage underneath the overlay by using NDE
techniques.

While the bottom of the bridge did not exhibit any signs of extensive deterioration. the
exposed sides of the bridge slab were heavily deteriorated (Figure 1(b». This wa.~ attributed to

fUlH)ft' mixed with salt used in deicing the bridge during winter months. Other than the beavily
deteriorated sides, the survey revealed little other damage, mosdy limited to some light spallin&
and cracking on the bottom of the slab.

When the asphalt overlay was removed the shoulder reaions were found to be in an
extremely deteriorated state, having completely lost the cover over a larle number of bars. The
concrete in the traffic lanes appeared reasonably solid. Extensive study aDd petrographic analyses
of the concrete samples indicated that the primary agent in the deterioration was -D· crackina
of dle porous coarse auregate, which may have begun duriJl& the freeze thaw cycles of the first
winter. The -0- cractin,left pathways through which water and salt could pass through the
coocrete. This led to the secoodary means of deterioration of alkali-silica reaction between SOlM

of the aggreaates and the cement paste. The overlay further facilitated the deterioration by
trapping water between the overlay and concrete deck for long periods. After the cover concrete
had deteriorated. some of the reinforcing bars rusted while others in the vicinity were observed
to be in Qcellem shape.

DESIGN OF LOADING AND DATA ACQVISlTION
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Loadin& Position
A decision was made to simulate a one-lane, one-ttailer loading during the test although

a multi-lane loading of the bridge would have been more critical for rating. One-lane loading
permitted observing more complex modes of the slab-bridge behavior, and it would be possible
to extend the findings to estimate bridge capacity under multi-lane loading with reasonable
reliability. Figure 2 shows the position and manner of the loading applied to the brid,e during
the tests, alon, with the truck it is simulating. The load simulated the front tandem of a traDer
as it enters the bridle in the northbound lane. NnE indicated that the southbound lane of the
loaded end-span was stiffer than the northbound lane. Therefore. the decision was made for
loadin, the SE quadrant of the bridge to reveal the extent of the influence of damage and
deterioration on bridge behavior.

Desill' or the Loadinl and Loading Control Systems
Predictive analyses indicated that the upper bound of the bridge load capacity may be as

high as 1400 Kips (about 40 rating trucks) for the loadin, position which was selected. The
loadin, system was designed for this upper bound. It is not feasible to apply this level of load
without hydraulic cylinders. Moreover. application of load to the bridge while simulating tire

loads and without creatin& local crushin, was a challenge. An even greater challenge was the
manner in which reaction could be developed in applyin, this type of load.

Based DO lengthy research and feasibility analyses. it was decided to use rock-anchors to

develop the reaction and to pour two concrete blocks directly on the bridge to simulate the
footprints of a tandem trailer (Figure 2). The blocks were designed to accommodate the four
hydraulic cylinders (actuators). each with 350 Kips capacity and lr stroke. The double-acting
adUatOrs were acquired with a 4· diameter hole through their length to accommodate 8-strand
rock anchor cables.

A state-of-the-art, servo-aJDtrolled, electro-bydraulic loading system comprised of a
pump. the four actuators, two servo-valves, a twCH:bannel digital servo-oootroller, pressure
feedbacks for load control. and stroke feedbacks for displacement control was developed for
loadin,. Together with the servo-control system, real-time digital plotting was used for
iDstantaneous feedback of actuator loads, strokes and critical specimen responses. This real time
system provided the information needed to make decisions for commanding the servo-control
system. The test control and data-acquisition systems were located and controlled at a field-office
adjacent to the bridge.

Instrumentation and Data Acquisition Systems
A principal objective of the experiment was to evaluate the state-of-the-art in NLFEA.

Therefore, extensive global and local instrumentation was required that would permit

comprehensive correlations between the analytically predicted (and subsequently simulated) and
the measured responses of the bridge. Such instrumentation was designed based on the results
of preliminary lDIiyses. In all, IDlJre than 160 lraDSducers were placed on the bridle. These
electronic transducers measured the forces and strokes of the four actuators, vertical aDd lateral
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displacements of the slab, slab rotations at the abutment and pier. concrete distortions and steel
strains tbroup the critical regions of the slab.

Global instrumentation consisted of wire potentiometm used to measure some of the

vertical displacemen1s of the bridge deck, and DC-LVDT'I used to measure other vertical

displacemeats aDd the horizontal movements of the bridge deck. For the local insUumentation,

DC-LVDT's and clip-gages were used to measure concrete distortions, and pier and abutment

rotations. Foil strain-gages were placed on several rebars. All the wire-poteDtiometers, DC
LVDT's and clip-gages were calibrated in the laboratory through their expected operating spans.

The transducer readings were recorded by data acquisition systems supplied by the University of

Cincinnati aDd Wiss, Janney, ElstDer Associates.

Design or Loading Program
Desip of the loadina program was aided by the upper-bound load-displacement response

predicted by the NLFEA, and adjustments were made as the actual responses of the bridge were

observed. However, as will be seen, very liale reliance could be given to anyone computer

model; as a result the test had to be conducted in a careful manner to lSSure the desired results

were obtained. Throughout the test, loadins was applied in increments of -rating bUW- where

ODe ratina truck corresponded to a total of 32 Kips (one-tandem weight) on the two loading

blocks. Throughout the test several instruments were monitored closely so the research team
could determine what was occurring internally to the bridge while the test was beiDa run.

The first stage of the test was comprised ofnumerous loading and unloading cycles which

corresponded to shakedown at the serviceability limit state. These cycles also permitted

debugging the test control, loading and data acquisition systems. The service level load cycles
were followed by a large inelastic excursion which revealed the characteristics of the

damageabUity limit state of the bridge and left a permanent vertical deformation of about 0.5

inches after unloading. The final leg of loading led to the failure of the bridge and left a

permanent deformatioD exceeding 4 inches (Figure 3).

Results of Destructive Testing

The load-displacement responses have been extensively studied to determine the limit

states of the response. The definition of limit states used in the examination of the results is any

chqe in the characteristics of a response curve that can be directly attributed to a cbmge in the

overall behavior of the bridge. Most of these limit states are not what would typically be
expected, such as first cracking and yield; instead they generally refer to changes in boundary

coDdition or load path. The behavior of the skewed bridge is DOt typical; therefore many limit

states found were related to the skew. Also, the bridae was extensively damaged; thea-efore the

point of first crackinc cannot be determined.

Five limit states have been found at equivalent bUck loads of 7, 9, 12. 17, and 22. Most

of the limit states appear in a very localized region of the bridge. For instance, the 7 truck limit

state is noted for the sudden drop in routional stiffness in the slab at the ceuter of the abutment

(Fipe 4). The 9 truck limit state was noted by a sudden drop in rotational stiffness on the west
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side of the pier (Fipre 4). It is felt that both of these limit states and the 12 truck limit stale are
related.

Due to wear and damage, the bridge initially maintaiDed a large amount of rotatiooal
stiffness at the center of the abUbneDl. As a result, the btidge teIIded to carry its load through
a IODgitudinal path from the abubnent to the pier. After the rotational stiffness was released, the
bridle beaao to reorient its load-path to carry the load aloog the skew, which is more typical of
this type of bridge. The 9 truck limit state is believed to be the result of the west side of the pier
bein& incorporated iD the load path. The 12 truck limit state is believed to mark the point where
any rotational restraint provided by the abUbneDt bas disappeared.

Mec:banics or Failure
FiFe S shows the resultant failU!e plaoe of the bridge. The failure originated near the

pier ill the damaged region of the east shoulder and progressed from that point. It appears the
failure was, in part, triggeced by a change ill the load path that was occurring between 17 and
21 trucks. Originally, the bridge carried load perpendicular to the traffic lanes until, at the 7
truck limit state, the rotational restraints at the abubnent wen released and the bridge began to
carry the load parallel to the slab skew.

However, at about 17 trucks the load path again begao shift. The chaoging load path is
revealed by the strain gage SGl2 located OD a top rebar over the piec iD the dama&ed sbouIder.
As shown in Figure 'I, at about 17 trucks this rebar beiao to see a rapid increase iD stress; ill
fact. by 20 equivalent truck loads it had yielded. Strain gages placed on other bars reveal that
bars near the loadillg blocks began to yield at 20 trucks. It is very possible that yielding began
earlier than this at places and bars which were not instrumented. The onset of yieldinl seems
to be the impetus for the shift of load path back to the direction perpendicular to the traffic lanes.
This makes sense for two reasons: 1) The analysis which showed that skew bridges carry load
parallel to the stew was lillear. Yielding of the bars introduces a nonlinearity so it is expected
tbat the linear solution is no longer valid; 2) Once the bars yield, they become dominant in
defiDin& the behavior. Since the bars are aligned with the traffic laoes, it is reasonable that the
load path would shift parallel to the traffic lanes and the reinforcing bars.

Once the load path shifted bact to parallel to the traffic lanes, the shoulder which bad
been excluded from the load path since the 7 truck limit state now came back into the load path
and bad to carry load. The damaged shoulder concrete possessed very little shear strength and
this triggered the failure since the damaaed shoulder could not take the additional load.

Based on 10 extensive study of the failure surface. it appears that the point of origin of
the failure occurred approximately 6 feet from the edge of the bridle, which would be consistent
with placiDa the point of failure at the edge of the shoulder area. At this point is must be recalled
that the bridge was tested in load control and that when failure begao, the hydraulic actuators

continued to apply a constant load. Once the sbouIdec failed. the sound areas of the bridle bad
to support the total load, thus increasing the stress in the sound areas. The failure quictly and
easily ripped Ibroulb the damaged shoulder and propa,aled into the sound areas. The
combination of the dynamic propagation of the failure surface and the increasing stress in the
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UDfailed areas was ultimately fatal to the bridge deck IDd a puncbiq shear failure resulted.
The failure plane followed the pier up until it reached liue 7 of the instrumeDtalion arid,

shown in Figure S. At this point, the cantilevering action oCthe slab produced a coDdition where
it was more favorable for the failure to progress back towards the abubDent. The failure plane
then progressed longitudinally along line 7 from the pier back towards the abutment. The failure
presents two distinctly different appearances on the top IDd bottom due to the influence of the top
reinforcement ovec the pier. The bottom slab reinforcement near the pier is relatively Iipt
consisting of 19 bars at 15· on center; as a result, the dynamic impact of the shear failure bad
little trouble propaaating throup the bottom half of the slab. However, the 19 bars at 6" on
center in the top of the slab were sufficient to suppress the propagation of the failure plane
throup the top layer of the reinforcement. As a result, the failure plane effectively sheared
through the bottom half of the slab, and then followed the bottom of the top reinforcement until
the cutoffs where reached, where the top failure surface appears. Along the longitudinal IiDe,
a normal shear plane is clearly visible as the transverse reinforcement was very light at the top
and bottom. It is probable that, if similar reinforcement existed in the bottom mat as in the top
mat, the failure may have been temporarily suppressed and this would have given the bridge a
chance to redistribute the load.

NONDFSTRVCI1VE EVALUATION
ModalTestiq

A specific goal of the research project is the evaluation of the multi-reference modal
testing procedure which directly reveals bridge flexibility without any assumptions. This test
constitutes the basis of a NoDdestruetive Evaluation (NnE) technique developed by UC
researchers (Aktan & Raghaveodracbar, 1990). The NnE procedure reveals aDd quantifies
bridge damaae, and utilizes truck load testing to validate results obtained from modal testing.

The modal test was performed 4 different times during the research. The first test WIS

about 5 months before the destructive testing, while the asphalt overlay was still in place. The
second test was performed after the asphalt overlay was removed, aDd the loading equipment
(hydraulic cylinder, load transfer blocks, etc.) was placed on the bridge. This test served as a
baseline for the next two tests. The third test was performed after the bridge was loaded to the
equivalent of 20 trucks. The fourth test was performed after the failure of the bridge.

The truck load tests were performed approximately 2 months before the destructive
testing and prior to the removal of the asphalt overlay. The truck load test results verified the
first modal test. Subsequent modal tests could be verified from the intermediate stepwise linear
ranges of the destructive testing.

Three different techniques were explored for evaluating damage based on the modal tests.
The first technique deals with identifying damaged regions above the asphalt overlay and widlout
a baseline moda1 model of the bridge. Baseline here refers to the results of a similar modal test

done previously. Having a baseline, aDd therefore Imowiq the history aDd previous condition
of the brid,e via the results of an earlier moda1 test, can be I tremendous ISlet. If such a
baseliue exists, correlation studies between the results of the previous test aDd of the present test
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can be used to evlluate any damqe the brid,e might have incurred. However. in leaeral. prior

information on the bridge iD the form of a modal model is DOt available. Therefore, in order to

replace dds missing information, researchers II UC have used a finite element model of the
bridle which is globally calibrated with the results of the modal test. Correlating lIle flexibility
coefficients from the modal test with the ones obtained from the w,lobaJly· calibrated finite
elemeat model. the researchers were able to identify localized damage.

The second technique for evaluatinB damaae is based on a "local" calibration of the finite
element model through a system-identification process, by which simulated rt£POlISeS are
correlated with lIle measured responses. The devillions between nominal wexpected" aod

calibrlled local properties revealed damage.
The dlird method of diagnosing damage directly compared the third modal test to dle

second to detect damage that resulted from the first ciay of destructive restinl. This situation
corresponds to uviDg information about the previous state of the bridge from a modal rest
conducted iD the past. An example of this c:ouId be intermittently conducting numerous tests
dunn, a long-term program to monitor bridge health and comparing/observing the changes in the
parameters obtained from tests conducted at different times.

One popular way of testing and rating bridges is by truck load testing. However, Ibe
researchers have found that the truck load tests are too cumbersome and CIDDOt serve as I highly
competent damage evaluation tool. Nevertheless, they do serve as I proof-testina and as I good
meaDS to verify the results from modal testing.

Results of Moda) Test

The modal test data is reduced to produce the natural frequencies and mode shapes for
Ibe bridge. This information is then further processed to produce the flexibility matrix of Ibe
bridge directly from the results of the modal test. This"dynamically· measured flexibility closely
approximates the actual flexibility of che bridge UDder truck loads and provides an excellent
diapostic tool.

Dama&e Identification Usinl Modal Test
In order to establish the damage indicated by the modal test, and the Ipproximate degree

of such damage. the results of the second modal test were used to calibrate I finite element
model. In this procedure, Ibe model will be fully calibrated. so that any damage existing iD che
bridge will be directly incorporated in the finite element model. Thus, when the calibration is
complete, aU of the damage should be locally represented in the analytical model.

The modal test provides the fundamental frequencies and unit-mass scaled modal vectors
of the bridge. These are then used to establish the parameters used in me calibration of the
model. The concept bd1ind this calibration is to develop I model that correctly represents the
frequencies IDd mode shapes found by testing IS closely as possible.

The calibrated model from the second modal test is given in Fipre 6. The basis of this
proeedure to idClltify damaae is to model the damqe in the bridge in the analytical model.
Therefore, the model bas to be extensively calibrated IDd has to include II) major damage fowId
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in the modal test. The calibration iodie:atod du the most sipificam problem in the bridle was
loss of some cootinuity in the DOrtb span. Specifically. lost coDtiDuity oceurred in dle east

shoulder over tbe oortb pier. The calibrated model also provided effective thic:tness values for
each span of the deck.

By expandinC on the calibration procedures. it appears that it may be possible to reveal
even more damage to the bridge. However. the amount of damase which is revealed seems to

bave some limiwioos. First. the damaee must affect the vertical flexibility since the test was
performed ODIy in the vertical sense. As a result. accurately calibratinc parameters related to
rotaliOJlS, such as the rotational stiffness of the abutment. is difficult. if DOt impossible. The test

does produce accurate values for the vertical stiffuess of the piers and abubDems and Ibe
flexibility of Ibe slab.

The badly deteriorated shoulder regions did DOt show any loss of section in the calibrated
model. At first glance, it appeared to be a problem in the test procedure since almost 20~ of
the depth of the concrete throughout the shoulders was lost. However. it bas been noted that
when comparing the experimental results with the analytical model. up to about S equivalent truck
loads, the displacement in the shoulder region parallels that predicted by the analytical model.

Above S or 6 equivaleot trucks, the shoulder begins to show sigus of weakeuiDa. Therefore, the
research team concluded that the shoulder, while beine badly deteriorated, maintained a Ifeal deal
of its oriaiDal structural function in the service limit state.

UsiDB the flexibility obtained from the modal test conducted over the asphalt layer and

from the calibrated finite element model proved to be a promising tedmique for identifyina

damale. Figure 7 shows a 3-D comparison of the deflection profiles due to uniform loadiD& of
the modal test and the finite element model flexibility. The difference between the modal test and
the lDaIytical model, which simulates baseline, indicate the regions of damage.

As for tile damage identification studies using the results of the second (before the 20
truck loads) and third (after loading) modal tests, Figure 8 shows the deftection profiles due to
unit loading of the modal test based on flexibility matrices obtain"CI from these two tests.

StrikinJ discrepancies in the deflection profiles are observed, especially in the loaded "lion,
indicating a drastic loss of stiffness in this region. This fiaure DOt only points out the presence
of damage. but also the location of it. The frequencies and dampiD& facton obtained from these
two tes1s I1so indicate up to a S.6 ~ decrease in the frequencies and up to a 17.7 " increase
in the damping facton. It is concluded that tbe tedmique of compuin, 3-D flexibility profiles
is an excellent tool for deteetina damage, especially if a baseline model is available.

RATING OF TIlE BRIDGE

The bridge was rated using the followina rating schemes:

1) Using the AASHTO 1983 -Manual for Maintenance Inspection of BOOlel.- This med10d
divides the &lab bridge into effective strips according to the provisioJlS of the applicable
AASHTO -Standard SpecifiCltioDS for Highway Bridlel-. Each strip is then .Amed
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to be a beam whi~ carries balf the axle loads plus impact of an H or HS type truck;

2) The ratinI in part 1) was repeated usinl AASHTO Type 3 ttuets;

3) lbe ratiDg in part 2) was repeated using the AASHTO 1989 ·Guide SpecificatioDS for
Strengr.b Evaluation of Existing Steel and Concrete Bridges.· lbis specification still uses
the effective strip method, but requires the \ise ofType 3 vehicles. The specification also
modifies tbe UDderstrenath factor, ;, used in the rating equation to account for
redundancy, deterioration, maintenance and inspection.

4) lbe rating in part 3) was repeated, but a linear finite element program was used to

dccermine the distribution of load as permitted in tbe 1989 Guidelines.

5) lbe ratings in pa.~ 3) and 4) were repeated, but with a single truck positioned at the
load points used for lbe destructive test.

In all five eases, the effective strip or finite element models were modified to reflect damale in
me sttueture. lbe was done by removing I- of ,:oncrete from the top of the slab in the damaBed
shoulder regions.

One of the most significant findings was the extenl to which assumed material properties
affected the rating of the bridge. For the bridge under consideration, AASHTO rec:ommemds
usinl 3000 psi for the concrete strength and 33000 psi for the steel yield stress. However,ldUaI
material testin' established reasonable lower bound properties of SOOO psi for the concrete and
43SOO psi for the steel yield stress. It was fOUDd that the chan,e in the assumed material
properties increased the rating factors by SO" to 100". UnfortuDately, neither the 1983 Manual
or Ibe 1989 Guidelines have specific provisions for using experimeurally determined properties
for rating.

Methods 1 throup 4 above are comparable since they consider critical placement of
truck loads to achieve maximum response. lbe most conservative ratin& OOWesl ntina factors)

WII usiDI the 1989 AASHTO Guidelines. Here. Ibe critical response WIS the maximum momeat

over the piers. The ratinI factors wece 0.70 using the code specified m&erial properties and 1.24
\lima the measured material properties. One reason for the low ratin& factors was the simplistic
model which is used. The bridge is assumed to be a simple frame or beam of a liVeD effective
width. This model ipores the aetIla1 geometry of the bridge and additional load carryina
mechanisms such as interaction betwceo adjacent effective frames or beam SUips. The
conservative nature of the capacity reduction factors used in the 1989 AASHTO Guidelines also
lowered the ratina.

lbe biJbest ratin, was obtained from the finite element model. The critical ratina point
DOW shifted to maximwD positive moment in the middle span IDll the ratinI factors were 1.SS
(~e specified material properties) and 2.4S (actual material propcmes). SiDce the load IUd
resistance factors were as ,iveD in the 1989 AASHTO GuideliDea, the iDaease in the ratinI was
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totally due to the finite element model beiDIlble to oonsider Idditionallold cmyiDa mechanism
and the actual brid,e ,eometry. This provided more accurate load distributions.

FiDally, the bridle was rated usm, the ae:tua1loadm, for the destructive test. The simple
frame analysis provided a ratina of 2.30 aDd the linear finite model provided a ratiDs of 4.85.
By removiDI the load and resistance factors from the equation, it is possible to use these ratiDIS
to estimate the number of -trucks- needed for failure. The frame analysis predieu failure at S
trucks aDd the finite element method predicts 10 trucks. The bridae aetua1ly failed at 20 trucks.
The difference is due to the fact tIW both models are linear. Nonlinear analysis would provide
more accurate predictions.

PREDICrIVE ANALYSES
Predictive analyses were performed to desip the loadm, secup and to establish the

loadiDa prolfam. Another objective was to evaluate the state of the an in nonlinear finite element
analysis (NLFEA) for predicting behavior of reinforced ooncrete bridges. Linear finite element
analyses aDd yield line analyses were also performed to suppon NLFEA.

Researchers from the DELFT Technological University (The Netherlands) collaborated
with UC researchers at this step of the research. The analyses performed by DELFT were helpful
in asseuin, the state of the an, since the software (DIANA) developed by the DELfT JI'OUP,
as well as the NLFEA expertise represented by this aroup, are considered part of the best in the
world.

YllUfe 9(a) shows the leometric cbanctaistics of the analytical model used by UC for
the NLFEA. The initial boundary stiffness at the abutments of this model was established tbroup
structural identification, incorporating the dynamic character'istics of the bridle measured by
modal tesUn,. A1thoup concrete crackina, ooncrete plasticity, and yieldm, of reinforcm, bars
were accounted for during the NLFEA, the boundary conditions were DOt. However, after the
tests, it became apparent that the boundary conditions at the Ibutment were the most critical
parameter.

Fiaure 9(b) shows some of the predicted Ilobal responses of the bridge computed by UC
compared with the corresponding measured response during the test. Analytical responses
demollSll'lle the sipificance of parameters which define the bouodary conditions at the abutment
IDlI the streu-straiD response ofconcrete under uniaxial tension. These parameta'S are associated
with the JRlIlest uncenaiDty in analyzinl the bridge, although modal test results and standard
material test responses were available.

The sensitivity of analytical responses to the described boundary and material parameters
indicates that it is DOl yet possible to rely on NLFEA to predict availlble capacities and failure
mod. of slib bridles. This analytical tool may be used to understand the critical parameters for
the optimized desips of new bridles or to upgrade existiD, bridles.

CORRELATION ANALYSES
lbroulb I seri. of linear aDd DODIinear finite elemeat plrlllMUic l1li1,.., the

importance of the tensile behavior of concrete and more sipificant1y membrane force in the l1ab
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became dear. Other parameters such as Poisson's ratio, shear retention factor, or modeling of
slab-pi« cap are DOt appareudy importaDl.

The slab-abutmeDt connection was modeled as shown in Figure 10. Usma the illustraaed
Ceomeuic: model, it wu possible to allow for -rockina- of the slab while resuaininl horizontal
movement • lIle shear keys. The ttilinear stiffDess cbaracteristics of the horizontal springs
allowed to -regulate- the level of membrane force that c:ould be developed in the slab. The
observed damale was simulated by reducm, slab thickness 110111 the sbouIder. The slab-pier cap
was modeled similar to the predictive analyses (Fiaure 9).

After calibration of the stiffness and break points of the borizomal spriDp at the
IbutmenlS, the measured load-deflection was correlated rather closely, IS seen from Figure 11.
The computed slab rotations al two locations along the south abutment also match the
experimental results reasonably (Fieure 11). A dose mateb of the deflection profiles is clear
from Figure 12. Using the calibrated model, it was possible to replicate vecy reasonably the
locations at which the first yielding in the reinforcing ban were detected. The first yield was
computed to be It locations shown in Figure 13 corresponding to a total load equal to 640 tips.
The experimental results suggest thal the ban allocations 4, 8, and 13 (Refer to Figure 14)
yielded when the tota11oad on the bridge was approximately 6SO tips. Therefore, with the final
calibrated model, the global, regional, and local responses could be matched very closely.

CONCWSlONS
The modal test procedure for NnE proved its ability to reveal damage in a real structure.

However, with present teebDiques for calibratiDB the finite elemeDt model, it may take longer than
a month to fully calibrate a model with a high degree of confidence. Also. It present th«e are
DO baseline tests in NDE that can be used to detect damale. The lack of baseline tests in NDE
that can detect damqe greatly limits the application of NnE until the developmeut of expedited
manner'S of finite element model calibration.

If model calibration can be expedited, the NDE process could be an excellent means for
improving bridge ratings. When the bridge was rated using the calibrated finite element model,
the bridge capacity was typically found to be twice that of other models using the effective width
of the slab, in spite of the deterioration which was incorporated in the finite element model. As

a result. a typically hieber aDd more accurate ratiD& factor can be developed from I calibrated
finite element model. What is needed is the development of software IDd procedures that will
simplify the calibration of these models so the wort can be dODe in a matter of days instead of
weeks.

The bridge appeared to have most probably lost a considerable amount of its stren&tb
throuJbout the sbouIders. However, during the destructive testing, it was DOted that the damaae
in the shoulders did not become readily apparent until the load was increased above S equivalent
web into the nonlinear range of the bridge response. This effectively verifies the results of the
NDE that, altboueb the appearance of the shoulder was very poor, actually it maintained I

considerable amount of its SU'\letural function. However, the failure was triggered by the
weatDesa of the region in shear, but this point was DOt reached until a considerable load of 22

11



equivalent trucks was placed on the brid,e.

The life of the bridle could have been effectively extended by removina all of the loose

c:oncrete and topping the bridle with a concrete overlay. However, some questions remain about
the shear strqth of concrete exposed to this type of damage, 10 more research needs to be done
to establish parameters by which an effective shear strength for damaced concrete can be

determined for the purposes of rating.

Bridge engineers sbouJd start reeopizing the iDbereDt capacities in RC slab bridges which
have sound abutments and piers. Even with die extensive deterioratioD of shoulder concrete, the
test bridle safely carried over 20 ratina trucks, a load exceeding four times the bridge rating
based on a calibrated FE model. It follows that bridge rating and decommissioning based on only
visual inspection may creat1y underestimate the ICQIal capacity of slab bridges. Considering that

the avenae replacement cost of a two-lane tbree-span, approximalely l00-foot 10Dg slab bridge
is in the order of S250,OOO, the financial savings of using these bridges over lODger life spans
with needed maintenance can be significant.

Obviously, predicting bridge capacity by NLFEA within I narrow band is DOt possible
since response is very seusitive to a considerable Dumber of parameters wbich CIDDOl be
established with confidence even if the boundary conditions of the bridge are established It the
service limit-states and the materials are sampled and tested. The sensitivity of RC slab bridges

to parameterS such as the tension response of concrete is unlike RC beams or bare frames, the
strenatb of which are less sensitive to similar parameters.

SlGND1CANT PUBUCATIONS IN llEVIEWED JOURNALS FROM nus WORK

"Destructive TesCin& of a Decommissioned Concrete Slab Bridge," R. Miller, A. Aktan, B.

Shahrooz, accepted for publication, Journal of Structural Enlinecring. ASCE, July, 1993.

"Bridge Condition Assessment by Modal flexibility, - T. Toksoy and A. E. Aktan, accepted for

publication, ElWimental Mechanics. July. 1993.

"Nonlinear Finite Element Analysis of. Deteriorated Slab Bridge." B. M. Shabrooz, I. K. Ho,
A. E. Aktan, R. DeBorst, J. Bluuweodraad, C. Veen. I.. H. lding and R. A. MUler, to appear
in the Journal of StJUctural Eqineerio,. ASCE, February, 1994.

-Nondesauetive aod Dalructive Testing of a Decommissioned RC Slab Highway Bridge and
Associated Analytical Studies.- by A. Aktan, M. Zwick, R. Miller and B. Shahrooz,

Iranspqrtatjon Research Record, 1371, May, 1992.

·Understanding Errors and Accuracies in DCDTs and wire Potentiometers for Field Testing,"

W. HriDko, R. MUler, C. YO\lDl. B. Sbabrooz and A. Attan. accepted for publication to

QperimegtaI Tecboimm, April, 1993.
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CHAPTER 1: INTRODUcnON

1.1 BASIS OF RESEAKCH

Following the collapse of the Silver Bridge over the Ohio River at Point Pleasant,

wv. (Imbsen et al., 1987) in 1977, a legislatively mandated program to inventory, inspect,

and improve the nation's bridges was initiated. Despite this program, bridge collapses and
failures have not been eliminated. Over a five year period from Im·1981, 14 cases of
bridge collapse and an additional 19 cases of bridge failure short of collapse were

documented (Hadipriono, 1985). More recently, the wlnerability of bridges against natural

hazards has been realized in the weD-publicized collapse of the SChoharie Creek bridge in
New York, 1989, due to scour (Huber, 1991), and the collapse of segments of the Nimitz

freeway and the Bay Bridge in 1989 due to the Lorna Prieta earthquake. Meanwhile, many

bridges are being decommissioned and replaced without full utilization of their inherent

capacity. A more effective means of inspection and diagnosis of bridges is needed to reveal
the bridges that are highly vulnerable to collapse, and to extend the life of those bridges that

possess a higher degree of resistance to collapse due to both traffic and natural hazards.

certain highly redundant bridge types, such as RC slab bridges with sound piers and

abutments, are inherently more immune to collapse due to service loads and natural

hazards. In fad, not a single RC slab bridge collapse was reported among the 33 cases

studied by Hadipriono (1985). An NCHRP review of field tests has also indicated that

redundant bridges may have far greater strength than may be anticipated by current rating

methods (Burdette and Goodpasture, 1988). Other studies have supported this view (Bahkt
and Jaeger, 1990). Many of these highly redundant bridges have been or are being

decommissioned without full utilization of their available capacities. The financial

implications can be staggering, if one considers that the national bridge inventory, as of

1987, listed 98,m RC slab and T-beam bridges, of which 15,519 had a SR<50, and 57,331

had 50< SR<80. If the capacity of these bridges are under-estimated, as the studies suggest,

recognizing and utilizing the inherent capacity of these bridges will allow highway funds to

be used more effectively in the future.

Present rating and inspection procedures are based almost entirely on the results of

annual visual inspections. Since the effects of age and deterioration on concrete slab bridges

are not fully understood, the task of associating visual defects with structural damage is

difficult. In addition, in cases such as that of the test bridge, the effects of skew play a

major role in the overall behavior of the bridge. Also, severe damage may be hidden inside
the slabs, within the piers, or under asphalt overlays. As a result, present procedures for

bridge rating tend to be overly conservative. However, this conservatism is born out of

ignorance rather than sound scientific foundation, as insufficient research has been

conducted to substantiate the rating procedures.
The primary basis for conducting this research is to establish a baseline from which

more scientific procedures can be introduced into bridge rating. Whereas one isolated

research project can not serve to substantially affect procedures and policies, it is hoped that



what is done here will serve as a benchmark for similar research in the future on concrete

slab bridges as well as other types of construction. Through a continuing research program
better understanding of the capacities, problem areas, and failure mechanisms ofhridges can
be realized. This increased knowledge base can then be used to improve the design codes,
inspection procedures, and decommissioning processes to improve bridge maintenance and

service life.
In addition it must be realized that the organizational aspects of the

decommissioning process must be improved in order for any of the findings from this
research or any future research to be properly implemented. The most comprehensive
structural evaluations of bridges may be successful only if the system can accommodate these

findings.

1.2 GOALS OF RESEARCH
Throughout the research, three general goals have been established. The first

general goal is a rigorous study of the technical aspects of RC slab bridge maintenance;

including inspection. condition evaluation. rating. and decommissioning. This also includes
evaluating all the limit states of structural behavior. The second general goal is to study the

technical aspects of field destructive testing; including improving and advancing the state-of·
the-art in instrumentation. loading system design, and test control procedures in the field.
The third general goal is to conduct a rigorous study of the application of NLFEA to real
structures.

1.2.1 Bridge Inspectioa and Eftluation
Under the study of inspection, condition evaluation, rating, and decommissioning

several NDE procedures will be evaluated. The NDE procedures studied include visual
inspection, truck load testing, and modal testing. Cahbrating the modal-test based
quantitative NOE technique, developed by the UC researchers for ODOT/FHWA (Aktan

and Raghavendrachar, 1990), is one of the primary objectives of this research. Included in
this study will be an evaluation of the performance of the modal test in determining damage

when an asphalt overlay is present. It is hoped that modal testing can ultimately be
implemented as a future bridge condition evaluation procedure, in conjunction with regular

visual inspection. This test offers many advantages. especially the relatively simple field
testing requirements when compared to other NDE options. However, a great deal of post

processing in the lab is presently required to determine and detect damage.

Truck-load tests, which are often used for proof loading of bridges, will be explored
as to their effectiveness as a NOE procedure. The results of the truck load test will be used
in an attempt to isolate damage in the bridge. It is felt that the ability of truck load tests

to provide ·super-Ioadings· to the bridge may make them very desirable as a bridge

evaluation tooL

The present procedure for evaluating bridges relies on annual visual inspec.1ions.



This procedure allows for the bridge engineers to track the progress of deterioration and

damage, and note any developing problems that may effect the safe operation of the bridge.

However, since the effects of deterioration visIble in concrete slab bridges are not fully
understood and critical damage may be hidden, the visual inspections are not very effective

as a tool to predict bridge capacity. Through an extensive study of the materials and causes

of deterioration, it is hoped that an improved understanding of the mechanics of the

material deterioration can be developed. Also the influence of the visible damage on ~he

behavior of the bridge will be closely studied to determine the effects of the damage on the

performance of the bridge. Through this work. a better understanding of the relationship

of visible damage to bridge performance can be developed.

1.2.2 Bridge Rating and DecolllDlissioning
Bridge rating is based on the evaluation of the capacity of the bridge compared with

the demands. The demands as the result of loads induced by passing trucks are quite well

understood. The calculation of the capacity is less understood and simplifying procedures

are often used in its calculation. During this research, bridge ratings were performed using

several different techniques. The techniques used include the use of finite element analysis
as well as some of the simplified analysis procedures from the AASHTO codes. This
allowed the researchers to study the pros and cons of the most common simplifying

assumptions used in design and rating.
Some of the performed bridge ratings will use the results of all the NOE techniques.

This will allow a better correlation between the bridge evaluation process and the rating

process. Also. since rating of a bridge is ultimately linked to its decommissioning, a study

of bridge rating can prove quite useful in improving this phase of the decommissioning
process. H ratings can be justiftably improved, the service life of the bridges can be

extended.

1.2.3 Limit States of Bridge Behavior
Another specific goal of the research was learning about RC slab bridge behavior

at different limit states, particularly at failure. This is an especially vital aspect of the

research, as without gaining a strong understanding of the behavior of concrete slab bridges,

it would be unjustified to extend the findings to the bridge rating and evaluation processes.

The goal also included the study of the slab reinforcement detailing as well as abutment and

pier design details. Also, the research looked into the different options available for

rehabilitating deteriorated bridges.

The geometry of this bridge presented the researchers with an additional opportunity

to study the effects of skew on the concrete slab bridge. Since most design and rating

concepts rely on simplifications which model the skew bridge as straight it is important to

study the problems associated with this assumption.

1-3



l.2A Field DestnJct1ve TestIq
This test marked the first time a bridge would be tested to destruction in a structural

identification framework. Not only did the research team want to determine the capacity
of the bridge. but to accumulate enough information from measured responses to effectively
calibrate NLFEA, cah"brate NDE procedures, study the behavior of concrete slab bridges,
and study the failure mechanism. For these reasons, extensive time and effort was used to

develop a state-of-the-art field test.

Valuable lessons were learned throughout the research project on how to most
effectively conduct research of this magnitude. Therefore, throughout this report on the
destructive test design, the design decisions leading to the final testing system will be amply
considered. Also, where it is practical, suggestions will be made as how to improve future
research of this nature.

1.2.5 Nonlinear Finite Element Analysis (NLFEA)
Severe shortcomings have been observed when NLFEA has been applied to

structures of significant nonlinear behavior, such as the 3-span concrete slab bridge which
was studied. As part of this research, the state-of·the-art in NLFEA will be used and then
evaluated to judge the correlation between the predicted results and the destructive test

results.
NLFEA promises to be an invaluable tool for engineers in the future in accurately

predicting the complete load cycle response of structures. Ultimately, it could prove very

valuable in improving and upgrading our infrastructure. This phase of the research will
determine the applicability of present analysis codes to a slab bridge. and evaluate the
readiness of NLFEA as an infrastructure preservation tooL Ultimately. the shortoomings
and problems of using NLFEA will be discussed.

1.3 PROJECT COORDINATION AND SCHEDULING
In order to better understand the nature of the entire research project, as well as to

discuss some of the aspects of conducting such a project it will be very helpful to first review

the manner in which the project was coordinated and scheduled.

Throughout the research three separate teams, each lead by one of the co-principal
investigators worked on different areas of the project. The first team led by Dr. Shahrooz
concerned itself with the NLFEA and predictive analyses. The second team led by Dr.
Miller was concerned with the instrumentation and material properties. The third team led
by Dr. Aktan dealt with the design of the destructive test and the Nondestructive Evaluation.

In addition Dr. Aktan's team globally coordinated the overall project and the collaboration
between DOT personnel, academic personnel, research support personnel, consultants, and

subcontractors. In this manner, oversights and confusion between the separate teams could

be avoided (Figure 1.1).

This arrangement worked extremely well; since, each team was able to focus their
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time and energy toward the solution of problems specific to their task. Also, all of the
teams would meet periodically to discuss their progress and exchange any needed
information. The project coordination and scheduling aspects were key in achieving the high
level of cooperation.

In order to complete the project within the allotted time, the coordination and
scheduling of individual teams involved in the project was vital. To assure as little

disruption to the public as possible, the bridge closure time was kept to a minimum.
Therefore, it was vital that a proper schedule was developed so that all parties would be
ready as soon as the window to perform the destructive testing oIXned.

To maintain control of the project critical path scheduling was attempted. Critical

path scheduling takes the project and breaks it down into specific tasks. The scheduling is
then based on the required time and the priority of each task. The schedule is then used
to plan the manpower and material needs. However, to perform such scheduling it has to
be possible to lay down a very rigid schedule for the project.

While there is a definite need for extensive scheduling in this type of research
project, critical path scheduling does not seem to lend itself well. In research there is no
hard blueprint because major tasks can completely change within a week. For instance,

based on the suggestions of the consultants, the entire loading system was changed in little

more than a week. As a result of similar changes, usually less drastic, the schedule was
constantly changing. The critical path from the previous week served as little more than a
reminder of the major tasks that needed to be performed. Since most critical path
scheduling programs are not designed to be quic!rJy and easily edited, they are probably not

appropriate for research work.
A more simple scheduling method is recommended for the future. For instance, as

the actual destructive testing approached, the critical path schedule could be replaced by a

weekly schedule. By looking only a few weeks ahead it would be much simpler to predict

the needs of the research team. However, a long term project schedule must always be
maintained in order to make sure that all major deadlines are met and no task is
overlooked. Overall. the most important task in coordination of this type of research is

keeping each separate team informed of their responsibilities, and the time frame in which

the tasks are to be completed. It is much more practical and far easier to maintain and

update weekly schedules than it is to try to provide a critical path schedule of the entire
project. Therefore, the most effective means of scheduling would be to establish a one-week

or two-week schedule at the beginning of each week. This schedule would be developed

from an overall project schedule. In this manner each project team knows their
responsibilities for the next week, and the project coordinator can make sure that no task
gets overlooked.
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CHAPrER Z: TEST SPECIMEN AND MATERIAL PROPERTIES

2.1 DESCRIPTION OF TEST SPECIMEN
The test specimen (Figures 2.1 and 2.2) is a 3-span, reinforced concrete (RC) skewed

slab bridge which was constructed in 1953. Due to the path of the stream, the piers and
abutments are skewed at 30 degrees with respect to the roadway. Figure 2.2 also shows the
site plan which includes the location of equipment vital to the conduct of the destructive

testing.

The reinforcing details of the 17.25 inch thick slab are given in Figure 2.3 through Figure
2.6. Figure 2.3 shows a longitudinal cross section of the deck. The bottom reinforcement
has a 1" clear cover, while the top reinforcement has a 1-3/4" clear cover comprised of a 1"
cover plus a 3/4" wearing surface. Figure 2.4 gives the bar schedule, construction joint
detail, and cutoff locations of the top bars over the piers. Note the manner in which the top
bars are I.outoff, as this affects the nature of the failure. Figures 2.5 and 2.6 give the plan
view of the top and bottom of the slab respectively.

The piers consist of a column bent of four columns (Figures 2.7 and 2.8). The columns
are IS" x 30" with the strong axis along the skew. An 18" wide by 32" deep beam cast

integrally with the slab, spans across the top of the columns. The base of the columns are
set on 4' x 4' footings cast directly on the bedrock.

The abutment was constructed on piles driven to the bedrock (Figures 2.9 and 2.10) and

consists of three different sections along its length. The first section being the wing walls
on either side of the bridge. The rest of the abutment is designed for the bridge slab to seat
into; however, in the roadway portion of the abutment a somewhat different detail is used

as opposed to the shoulder portion of the abutment. Section b-b of Figure 2.10 shows the
details of the abutment design in the shoulders. This detail provides a key for the slab to

tie into, and the top of the abutment is even with the top of the bridge slab. In the roadway
portion a similar key is left for the slab to tie into, however the rest of the abutment is

designed to provide a seat for the approach slab (See detail a-a Figure 2.10). This is a

standard detail as there is no need for the presence of the approach slab outside the
roadway, and in general should have no effect on the performance of the bridge. The
abutment detailing is emphasized here due to its influence on the behavior of the bridge

during destructive testing.

2.2 MATERIAL PROPERTIES
Due to the scope of the overall research project, which includes extensive use of linear

and nonlinear finite element analysis, significant effort was given toward the study of the

material properties.
The original design drawings indicate "class C" concrete, while no reference could be

found as to the reinforcing steel. With little available information on the properties, it

became necessary to test the material properties of both the reinforcing IIlteel and me

concrete prior to testing. The information gathered from material testing is especially vital



to the predictive analysis effort needed for the design of the destructive test.

2.2.1 Concrete Material Properties
Compressive Strength: Six 4"-diameter cores from the roadway area of the bridge deck
were tested for compressive strength and stiffness. The ultimate compressive strengths of
Cores Cl, C2, F, Nl, N2, and K1 ranged from 7180 psi to 8180 psi, with an average of 7660
psi. The location of these cores can be seen in Figure 2.11, and the results can be seen in
Table 2.1. No cores could be tested from the shoulders of the oridge deck because the cores
fragmented during coring.

Modulus of Elasticity: The values obtained using a compressometer conforming to ASTM
C469 ranged from 4.378x10' psi to 5.045x10' psi and the results can also be seen in Table
2.1. The modulus was found by using a best-fit straight line through the stress-strain data.

Using the general ACl formula:

E = 33 W1. 5{fi EQN.1

values from 4.981x10' psi to 5.316xlO' psi were obtained using the corresponding values of
f e. The actual and estimated E values compared very favorably. A sample concrete stress
strain curve is shown in Figure 2.12.

Table 2.1 - Concrete Core StreDgtb Results

Length Ult. Str. Elasticity 33w1.5fe5
(in.) (PSi) (psi) (PSi)

Core Cl 5-7/8 7843 N/A 5.204x10'

CoreC2 7-3/16 8184 N/A 5.316xlO'

Core F 8 7184 N/A 4.98lxlO'

Core N1 6-1/4 7254 5.045xlo' 5.005xlO'

Core N2 6-1/4 7865 4.995xIO' S.21lxlO'

Core Kl 6-3/4 7637 4.378xlo' 5.13Sx10'x

Mean Values 7661 4.806xlO' 5.142xlO'

Notes:
1. A unit weight of 146.91 Ib/ft3 was used for 'W'.
2. The 'elasticity' results for Cores C and F were not found.
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Unit Weights: ASTM C642 Absorption Tests were run, and the unit weights of the concrete
were found through these tests. The results for the roadway and east side concrete
specimens are shown in Table 2.2. The mean values were 146.91 Ib/ft3 and 141.61Ib{rt3

respectively.

Table 2.2 • ASTM C642 Test Results for Unit Weights

Roadway Stock Unit Side Stock Unit
Specimen Wt (lb/ft3

) Specimen Wt (lb/ft3)

2-C642 147.32 l-C642 141.40

4-C642 146.37 3-C642 142.50

5·C642 156.74 8-C642 140.62

6-C642 144.37 9-C642 141.92

10-C642 145.31 Mean Value 141.61

ll-C642 140.64

7-C642 147.64

MEAN 146.91

Tensile Strength: The tensile strength was obtained by the split cylinder method (ASTM

C496). Note that the tensile strength of the roadway cylinders all fell around 10% of the
mean f c of 7661 psi, a reasonable value of ft. During the coring process, the cores often

cracked or a rebar was hit. As a result, core lengths varied. The actual lengths are shown

along with the results in Table 2.3.

Table 2.3 - Splil CyUnder Tests

Specimen ':ore Dia. Load Tensile %rc
Length (in.) (lbs) Stress (%7661)
(in.) (psi)

Core C 2.16 3.9375 10120 757.41 9.89

Core E 1.584 3.9375 6760 689.91 9.01

Core F 2.186 3.9.>75 8600 635.99 8.30

Core F 4.618 3.9375 22940 803.05 10.48

CoreH 3.943 3.9375 21210 S69.60 11.35
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1.2.2 Reinforcing Steel Properties
Tension specimens meeting the ASTM A370 Standard for O.5QO-inch-round tension test

specimens were made from rehar specimens removed from the deteriorated shoulders of

the bridge prior to destructive testing. They were tested in a 6O.kip capacity Tinius-Olsen
machine. A Strawbeny Tree data acquisition system. an extensometer, and a strain
indicator were used to ooUect data. The results are seen in Table 2.4.

The properties of the reinforcing steel used on the bridge deck resembled Grade 40
steel, which has specified yield and ultimate stresses of 40 and 70 ksi respectively. The
mean strengths found for the tension specimens were 48,900 and 92,200 ksi respectively,
indicating that the minimum specified strength of a grade 40 steel was met (Figure 2.13).

A discussion of the effects that rusting had on the yield and ultimate strengths can be
found in section 3.2.6.

Table 2.4 • Tension Specimen Results

Specimen Fy Fa E
(PSi) (psi) (xlo' psi)

KTS 50129 92970 29.37

LTS 38454 72471 30.93

M1l'S 49726 94565 28.22

M2TS 50391 94008 31.10

M3TS 48226 94908 N/A1

NTS 45809 87062 27.34

PTS 48962 89756 30.43

Mean Values 47400 89400 29.572

Notes:
1. The initial response for M3TS was not accurate.
2. The average elasticity values do not include that of M3TS.

Fy : Yield Stress
Fa : Ultimate Stress
E : Young's Modulus of Elasticity
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CHAPTER 3: CONDmON OF TEST SPECIMEN

3.1 CONDmON SURVEYS

3.1.1 Bridle Damage Surwy
A damage survey of the bridge slab was performed. The top was surveyed after the 25"

asphalt overlay was removed. Figures 3.1 and 3.2 show the deterioration of the top and
bottom of the bridge deck with both figures drawn as though the viewer is looking down

from the top of the bridge (i.e. damage to the bottom of the deck is drawn as though the
slab is transparent). These figures only show the damage to the concrete.

In this report, the term 'edge' refers to the vertical side surfaces of the slab. The term
'shoulder' refers to the area on the top of the slab from the slab edge to a distance of 5'-6"
from either edge. The remaining top surface area will be called 'roadway' since this area
corresponds to the actual traffic lanes.

The major damage to the top of the bridge occurred in the shoulder and the edge
regions. There was a complete deterioration of the top layer of concrete on both shoulders
and reinforcing bars were exposed (Figure 3.3). There was a difference in the level of rust

in the exposed bars. On the west shoulder of the deck, the bars appeared to be in excellent

condition, while the bars on the east shoulder were badly rusted. The bars on the east
shoulder could sometimes be seen to separate from the concrete when the surrounding
concrete was struck with a hammer. The reinforcing bar condition is discussed in Section
3.2.6.

Some of the rusted bars were larger than the nominal diameter. This is not surprising
since an apparent expansion due to scaling occurs. As the time the concrete deteriorated
is not known, it is not known whether the rebars rusted before or after the concrete spalled.
Since the bars on the west shoulder were not rusted, it is doubtful that rusting of the

reinforcing bar contributed to the concrete deterioration and the rusting on the east
shoulder probably occurred after the concrete was already damaged. Cracking due to cyclic

freezing and alkali-silica reaction is believed to be the principal agent in inducing the

spalling (Section 3.2.2).

Unfortunately, the top of the bridge deck was covered by an asphalt layer which needed
to be removed before a damage survey or any structural testing could be done. The asphalt

layer was removed by grinding, and as a result, the top the deck was pitted and grooved.
Due to the grooved deck and the deteriorated shoulders, it was impossible to find or map
the smaJl hairline cracks which were easily seen in the bottom of the slab.

The damage could best be seen at the edges of the bridge. The concrete was
deteriorated to a depth of about 4" to 6" below the original surface of the concrete (Figure

3.4). Rebars along the edges of the bridge were badly rusted. On the east and west edges

of deck, the concrete damage was dominated by horizontal cracking.
Using the amount of deterioration shown in the cross sectional view, Figure 3.5, it can

be estimated that the cross section had lost between 6% and 9% of the original area at the

areas where the concrete was in the best condition. The majority of the loss of concrete was



from the shoulders and edges of the deck. There was more damage at the construction joint

in the mid-span and at the south abutment. The loss of cross section in tbese areas was

estimated at about 20%. Loss of cross section at the nonb abutment was estimated at about
15%. However, loss of cross section is a minor problem compared to the fact that the
concrete was deteriorated to a level below the reinforcing bars, which may severely reduce

the negative moment capacity of the deck at the piers.
The bottom of the slab was still in a fair condition with the major damage being a few

areas of local spalling and a large number of hairline cracks. There were major areas of
spalling concentrated at the center of the middle span where there was a construction joint,

and near the two abutments. This damage seemed to be caused by the leakage of water and

chlorides through the joints at these locations. There was some local spalling in the south

span. and the reinforcing bars were rusted in these areas.

3.1.2 Damqe of Bridge Deck as Indicated by the Cores
The first indication of the conditions of the bridge came from a study of the concrete

cores taken to determine the material properties. These cores provided insight regarding
not only the concrete strength. but also the regional variation in the concrete.

The bridge will be divided into three pans for the following discussion as can be seen
in Figure 3.6 The three divisions are made at the pier lines : the south span, the middle
span and the north span. Figure 3.2 shows the core locations. The usable cores were used
for compression and tensile strength tests (Chapter 2) or for material property tests (Section

3.2).

South Span: Cores B. K, 1., I, 2 and 7 were taken from this area. Core B was taken from
the shoulder in the south span, and the concrete was badly deteriorated; resembling loose
gravel. Core K was taken at the center of the west lane. A full depth core was not taken

due to a rebar at the bottom of the core. but a usable core was removed. Core L was taken

near the South pier line, but it was fragmented due to the presence of a rebar in the core.
The top of the rebar was rusted. Although the core appeared sound. later tests showed this
core to have a high chloride content (this is discussed in more detail in Section 3.2.5).
Cores 1, 2, and 7 were taken from the roadway area in the south span and they all appeared

to be in exceBent shape.

Middle S,...: Cores C, D, M, N, and 4 were taken from this area. Cores C and N were
taken from the roadway concrete and were sound. Core D was taken at the construction
joint where there was a high amount of seepage of water and salts, but it was still in very

good condition although it split along the cold joint. Core M was taken near the

construction joint in the roadway concrete and was fragmented due to a cut through a rebar.
but was otherwise sound. These findinp signify that the roadway concrete between the pier

lines was sound.
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Core 4 was drilled about 4 feet from the west edge of the deck, and had horizontal

cracking through the core. This cracking was thought to be a result of cyclic freezing

(Section 3.2.1), and it was that believed the cracking extended from the edge of the slab over

a distance of 5 to 6 feet into the shoulder area. A view of the east edge of the bridge
(Figure 3.4) shows that horizontal cracking dominated both edges of the bridge deck.

North Span: Cores E, F, G, and H were taken from the east roadway lane. All of the cores

were in good condition, with the exception of Core G, which was taken near the shoulder.

Core E was not completed due to the interception of a rebar; however, the concrete

appeared to be in good condition. This core came apan at the rebar and the bond between

the concrete and rebar was good. The rehan in this area were not rusted, showing that salt

and water had not penetrated to the rebars.

Cores P, Q, R. S, T, 3 and 5 were taken from the west lane. They were all in poor

condition. Cores P, Q, and R all hit some heavy reinforcement, but the concrete above the

reinforcement was fragmented. No bars were hit drilling cores 5, T and 3 but the cores
were fragmented. Judging by the very poor condition of the concrete here, this portion of

the slab may not have been effective in carrying loads. Core 5 came from the center of the

roadway was in excellent condition indicating the damage did not extend to this point.

3.1.3 Deterioration and StrudurallDtegrity
The shoulders of the deck were highly deteriorated, and no concrete cores could be

tested for compression because of their fractured state. The deterioration appears to have

had a profound effect on the structural integrity of the shoulder and edge concrete.

However, these areas of concrete did have some stiffness and strength acting as a unit (see

Chapters 5 and 6). The mechanical interlock between layers of concrete, and the bond

between the reinforcing bars and concrete provided stiffness at the service limit state.

During the destructive test loading for loads up to 4 or 5 trucks. the shoulders had the
same effective stiffness as the roadway area. Over 4 or 5 truck loads, the stiffness of the

shoulders was reduced as will be further discussed in Chapter 5.

The reduction in reinforcing bar areas may have had an effect on the strength of the

deck at critical areas, such as the area where failure began. Most of the reinforcing bars

that were tested from the east side concrete had lost 5%-21% of their original area (Section

3.2.6), ~ that the force capacity of these bars would have to be reduced accordingly.

However, the steel had sufficient strength and all tests showed yield and ultimate strengths

above nominal. The more probable contnbution to the initiation of failure would be the loss

of cover over the top reinforcement.

3.2 MECHANISMS OF MATERIAL DETEIUORATION

3.2.1 PetJop'aphic Analysis

A petrographic analysis (ASTM C856-83. 1988; ASTM C295-85, 1988) was performed
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on various samples of the conaete from the bridge deck by Erlin. Hime Associates in

Chicago, Illinois (Refer to Chapter 3 Appendix for Petrographic Analysis Report). Three
concrete specimens from the side concrete were studied: HH, PP, and TT (Figure 3.2)
From the roadway concrete, two 4- diameter, 9" long concrete cores (Cores 1 and 5 - Figure
3.2) were studied.

Desaiptioll 01 c..oncme: The fine aggregate was a natural and crushed sand consisting of
limestone, dolomite, quartz, granite, and feldspar. The coarse aggregate of the specimens
was gravel having a maximum nominal size r to 1-1/2-. This aggregate consisted of

limestone, dolomite, granite, quartz, basalt, gabbro, chert, and clay-ironstone. The coarse
aggregate was not well graded or uniformly distn"buted. Intermediate-sized particles were

insufficient in number or entirely missing. which gave the concrete a low density. Neither
the coarse nor the fine aggregate were chemically stable during the service life of the deck.

Alkali-silica gel was present as aggregate rims, as secondary deposits on fracture surfaces

and in air voids. The presence of the gel indicated that an alkali-aggregate reaction bad
occurred.

Physical damage to the individual coarse aggregate particles and to the concrete had

occurred due to "0- aacking. This usually indicates freeze/thaw damage to the conaete.
The coarse aggregate was very porous and probably susceptible to freeze/thaw damage.

The cement paste was medium to dark gray, and in the non-deteriorated areas was hard,
dense, and well bonded to the aggregate particles. It contained a significant amount of
residual cement particles. Hydration appeared normal and advanced. The composition and

textural characteristics of the paste were indicative of a moderate cement content (estimated

to be 5 to 5-1/2 bap/ya' or 450 to 500 pounds/yef) and a moderate water/cement ratio
(estimated to be .48 to 52). Secondary white deposits of calcium carbonate were present

on many fracture surfaces and in voids of the concrete fragments. These deposits indicated

that the cement paste had been leached of soluble compounds by water moving through the

concrete system.
Air in the concrete occurred as a few large spherical and non-spherical voids

characteristic of entrapped air and as a few more small, spherical, disaete voids
characteristic of entrained air. The concrete was classed as air entrained; however, it is not

known if it was intentional air entrainment, because air entrainment was just beginning to
be used in 1954, the year that the bridge was constructed. The entrained air may have

resulted from the accidental addition of lubricant oils, detergents or a primitive air
entraining agent. The system of air voids was poorly developed, the voids were not well
distn"buted and the estimated air content was only 3 to 3-1/2%. Most of the entrained voids
tended to accumulate in clusters around coarse aggregates. The air void system was

marginal and was incapable of providing sufficient freeze-thaw protection to the concrete.
After careful examination of the petrographic evidence, a probable sequence of damage

was constructed. The concrete shoulders probably absorbed water from snow pushed to the



shoulders by plows. The melting snow wa... absorbed by the shoulder concrete and as the

melting snow ran over the edge of the slab (no drainage was provided) it was absorbed by
the edge concrete. The absorbed water froze and cracked the larger porous aggregates and,

due to poor air entrainment, the concrete matrix. Freeze/thaw cracking opened passages

for more water to seep into the shoulder and side concrete. The aggregates were

susceptible to alkali silica (aggregate) reaction (ASR) which requires water. Once the water

was provided through the freeze/thaw cracks the reaction began. ASR is ezpansive and

contnbuted to the cracking of the concrete. The combined forces of freeze/thaw and ASR
continued until the concrete was severely deteriorated. The cracking in the shoulder and

edge concrete also provided paths for chloride intrusion which may attack the rebus.

However, since the west shoulder rebus were not rusted. it is doubtful that rebar corrosion

was a major factor in the deterioration, but it may have contn"buted to the east shoulder

deterioration in some small manner. The follow analysis provides evidence to support this

possible deterioration sequence and information on how the damage may have affected the

concrete and rebar behavior.

3.2.2 Agrepte "D" Craddng and AIkaIi·SUica Reartion (ASR)

As noted in the previous section, the coarse aggregates were very porous and larger

aggregate particles showed signs of "D" cracking (Figure 3.7). This is usually caused by
freeze/thaw cycles early in the life of the concrete. Petrographic evidence suggests that

since the freeze/thaw damage is expansive. the damaged aggregate would have expanded

and damaged the surrounding paste, perhaps by micro and macrocracking. Since this type

of damage can occur quickly, it probably occurred first. The ooarse aggregate also showed

signs of alkali-silica reaction (ASR).

ASR is a major cause of the deterioration of highway structures and pavements in the

United States. ASR requires a source of alkali, silica, and water in order to develop. Even

high quality concrete can develop ASR, because of the alkalies, ea+ + and the reactive silica
aggregates inherent in a concrete mix. The reaction is not expansive in itself, but when the

gel absorbs water, it is very expansive and significant pressures result.

ASR could be found where chalcedonic, opaline cherts were present because of a high
silica content in chalcedony. As long as some moisture could reach the concrete, ASR

probably occurred. The sources of alkalies and calcium were originally the cement paste

and aggregates themselves, and later form the NaCI and eao2 from the deicing salts.

Uranyl Acetate Tests: Freshly broken pieces of concrete were treated with liquid uranyl

acetate for alkali-silica reaction detection. The uranyl ion substitutes for the alkalies in the

gel and produces a yellowish-green glow when viewed in the dark: using an ultraviolet lipt.
ASR gel fluoresces much nlore brightly than cement paste due to the greater concentration

of alkalies (Stark, 1991).

Core 5 was tested from the roadway, and Specimen PP was tested from the east edge
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of the bridge deck. After viewing Core 5 under a UV light, ASR was found in air voids and
around a few aggregates. ASR had formed in the roadway concrete but the amount of ASR

was not great. The ASR was not expansive enough to cause damage in the roadway

conaete because the euent of ASR was low. The surrounding concrete and reinforcing bars
may have also restrained aacking in the roadway area.

The edges of the deck were more severely damaged by ASR expansion because of an

abundance of water and salt supplied for the reaction to oa:ur. The lack of restraint and the
existing freeze/thaw cracking allowed the expansion to occur easily. Specimen PP (Figure
3.8), from the east edge of the bridge deck, showed a path of ASR leading to the edge of
the bridge which curved around and lined the edge of the bridge. This indicates that a
considerable amount of leaching of alkalies was taking place in the shoulder concrete. The
shoulder concrete had a great deal of "0- cracldng and was more porous than the roadway
concrete (Section 3.2.3). This opened pathways for the leaching of alkalies. In the shoulder

concrete. ASR had formed around reactive aggregates, in voids, and at fractures, such as -D
cracks.

3.2.3 Porosity

Porosity plays a significant role in the protection of concrete and the rate at which
liquids flow through the depth of a concrete slab. A porous concrete allows the aggressive
agents to penetrate and attack both the concrete and rehars. Furthermore. porosity affects
the frost resistance and strength of the concrete. The freezable water content in the

concrete increases and the concrete strength decreases with increased porosity. Porosity

may also be an indication of damage as a damaged concrete will be more porous.
Absorption is affected by porosity in that the more porous concrete will absorb more

water. Absorption measures the volume of the open pores accessible to water. Higher

absorption of water translates to higher absorption of all other liquids, such as melted salts

and other aggressive agents. Water which penetrates the upper gel layers can then be
absorbed by the absorptive aggregates which may freeze and crack ("0- crack) when the
winter months arrive.

PorosIty Test Pncedures: Six concrete gel specimens, approximately 2 grams in weight,

were oven-dried at llOOC for 1 week. The shoulder concrete specimens were PSSl. PSS2
and PSS3. The roadway concrete specimens were Pee top (Top of slab) and PCC 2S (2S
below the surface) • and PBB 35" (35" below the surface).

To measure the pore size distnbutions within various roadway and shoulder concrete gel
specimens, a mercury intrusion porosimeter was used. It generated pressures up to 25,000
psi to detect pore diameters between 200 and 0.0073 11m. which are in the capillary pore size
range. Positive pressure rather than suction is used to force the Hg into the pores. The

size of the pore is a function of the applied pressure. Using the volume of mercury forced

into the specimen under a given pressure. the total volume of different pore sizes and pore
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size distnbutions can be calculated.
The Incremental Intruded Volume graph, Figure 3.9, shows that the threshold diameten

for the side concrete specimens (PSS), were all approximately 3.36 Jim, while the roadway
specimens threshold diameters were not as well defined and were between 1.74-3.34 Jim.
This shows that the threshold diameters were larger for the shoulder specimens. Figure 3.9

shows that there were more pores at all of the capillary pore sizes of the PSSI and PSS2
side specimens. This shows the overall higher porosity of the shoulder concrete. This is

also seen in figure 3.10, the total intruded volume. There was a marked increase in the
total amount of mercury intruded in the PSS shoulder specimens.

3.2.4 Absorption Testing

Tests for the absorption of the concrete were performed according to ASTM C642-82
(1988). In this test, oven dried concrete specimens are submerged in cold water for 48

hours. After the cold water absorption test, the specimens are boiled for 5 hours to drive
the water into smaller pores. Absorption is measured by weight gain. The absorption
results can then be used to calculate the density of the concrete.

The most imponant finding was that the east shoulder specimens gained 2% more

weight after 48 hour submersion than the roadway concrete did. The mean weight gain was
7.82% for the east shoulder and 6.03% for the roadway concrete. After boiling. the

shoulder concrete showed a weight gain of 8.46% (from oven dry) and the weight gain of
the roadway concrete was 6.61 %. The bulk specific gravity was lower for the shoulder

specimens than the roadway specimens. The east shoulder mean values of unit weight and

bulk specific gravities were 141.61 (11ft' and 2.27 respectively, and the roadway values were
146.91 (I/ft' and 235. The higher absorption in the shoulder concrete is an indication of
the higher porosity of the shoulder concrete. The absorption tests confirmed the mercury

porosimetry tests.
aearly, the shoulder concrete was more porous than the roadway concrete. Most

probably, this higher porosity was caused by rnicrocracking from the freeze/thaw cracking
and the ASR. This higher porosity had two undesirable effects on the concrete: 1) Higher

porosity will weaken the concrete, 2) Higher porosity provided paths for water and chloride

ions, which would continue to damage the deck.

3.2.5 0tI0ride lOllS
Rusting of reinforcing bars due to chloride intrusion is a major problem with concrete

bridges. Although rebar corrosion is not considered to be a major concrete deterioration
mechanism in this bridge, the corrosion did reduce the rebar area and affect the structural
integrity of the bridge. Because of the importance of corrosion in the deterioration of both

the steel and concrete, a careful study was made of the penetration of the chlorides which

often cause corrosion.

The chloride ions can destroy the protective passive film of rebus even at high
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alkalinities (Slater, 1983; Mindess and Young. 1981). It is believed that the chloride ions

and the carbonation through the cracks simultaneously destroyed the protective oxide layer
on the rebars. After the protective oxide layer on the rebars is destroyed, the amount of
corrosion of rebar's depends also on the availability of water and oxygen. The shoulder
concrete, which had spalling, cracking, and high porosity, provided pathways for water and
oxygen to attack the rebars.

The deicing salts and snow were believed to have been brushed to the shoulder of the
bridge by the plows and traffic. Much of the salt penetrated into the pores and cracks of
the concrete and slowly diffused down to the reinforcement. little chloride is lost once it

enters the concrete (Mindess and Young. 1981), so that areas with frequent applications of

salt will build up chlorides up to critical values.

The corrosion threshold chloride level is the level at which a breakdown of the passive
oxide film of the rebar occurs. The threshold levels have been found to be 250-510 ppm

chlorides by weight of concrete (Slater, 1983; Mindess and Young. 1981; Kress, 1991;

Wilkins and Sharp, 1990). The Federal Highway Administration set 3000 ppm of chlorides
by weight of cement (600 ppm by weight of conaete) as the chloride level at which a bridge
deck must either be completely replaced (Locke. 1986), or the concrete must be replaced

to a level below the rebar level. There is no danger of corrosion at levels less than or equal

to 1500 ppm by weight of cement (300 ppm by weight of concrete), and the bridge can be
left intact. AASHTO recommends the bridge deck be investigated closely at chloride levels
between 300-600 ppm by weight of concrete.

The deicing salt used by the Ohio Department ofTransportation (Ohio DOT) consisted
of a 50:50 mix of NaCI and sand and graveLCaCl2 is frequently sprayed on the NaQ in the

trucks before it is laid on top of the snow and ice. The Cao2 is used because it is already
in a liquid state, so it works better and faster than NaCI in lower temperatures.

The bridge deck had a rehar cover for the top rebars of only 1-3/4", so that the chlorides

had a short path to the reinforcing bars. The water/cement ratio was estimated at 0.49

from the mix design of the concrete, which left large capillaIy pores behind after hydration

of the cement, thus providing paths for the chlorides to penetrate the concrete.
To achieve a life of 50 years based on non-activation of the reinforcement, a

water/cement ratio of 0.40 and a concrete cover of 2" are needed (Browne and Damone,

1975). ACI also recommends a 2" cover on bridge decks. This is a minimum value however,
and a variability of concrete cover is likely in the field, so that a specified cover of 2.5"

should be used (ACI Committee 201). The Batavia, Ohio bridge deck would not have been
able to achieve a life of 50 years based on the above statistics.

Chloride 1_ Test Procedures: Various samples ofconaete and concrete cores were tested

for chloride ion concentrations. The samples were chipped away by a hammer and chisel,
and then crushed to a powder by the use of a rock pulverizing device. The powder samples
were dissolved according to ASTM C114 (1988), which involved the extraction of chlorides
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by nitric acid.

Testing of the samples was performed according to Standard Methods. 17th edition.
section 45QQ-O-cbloride. P. Potentiometric Method (1989) in which chloride content is

determined by potentiometric titration with silver nitrate solution with a glass and silver
silver chloride electrode system.

Chloride Test Speclmens' The east shoulder conaete specimens tested were n, LL. and
PSSI (Figure 3.2). The specimens were from various depths of the deck. Specimen LL was
dominated by horizontal "0" cracking, and came from the very east edge of the deck.

The roadway Jane specimens were EE, Pee, and Cores 5, 7, and L There was no

rusting of the reinforcing bars visible in the roadway concrete (except Core L) and the
concrete was in good condition in this area. However, Core L did show some rusting on the
top side of an embedded reinforcing bar. The core also showed sisns of ASR.

Chloride Test Results: Figure 3.11 shows that all the east shoulder chloride ion levels were
well above the corrosion threshold level of 250 ppm (mg/kg) of concrete. The mean value
was 790 ppm, which is well above the chloride ion corrosion level.

Specimen LL showed a very inconsistent chloride ion profile. The chloride ion level at
the top was high, which was expected, and the chloride level dropped to a minimum value

of 557.56 ppm at a 3" depth. Below 3", it was expected that the plot would remain fairly
consistent, because high levels of salts are not expected to penetrate to depths greater than
3" (Miller et aI., 1992, Coggins and French, 1990). However, the cbloride ion levels were
very inconsistent, and peaked at a 12" depth. This is due to the severe "P" cracking
prevalent in specimen LL and the faet that the specimen came from the edge of the bridge
slab. Salt was washed over the edge of the bridge and allowed to penetrate the concrete

through the horizontal "D" cracking. The "0" cracking was present throughout the depth

of the specimen and opened up the concrete at different levels to different amounts of de

icing salts.
Figure 3.11 also shows that the plots for all the roadway specimens (except core L) were

very similar. The chlorides were highest at the top level, and then dipped dramatically at
3" to below the chloride ion corrosion threshold level of 250 ppm. The levels remained
below 2SO ppm at depths grQter than 3~. SimDar results have been obtained in other
studies of the chloride penetration in sound concrete in real structures (Miller et n, 1992;
French and Coggins, 1990)

It is probable that the roadway concrete was not penetrated by the salt because the salt
was brushed to the shoulders of the bridge by the traffic and also, there were no aacks in

the vicinity of these roadway concrete specimens that would allow the ingress of salts.
Figure 3.12 shows that the chloride levels in Core L were very high even though it was taken

from the roadway lane concrete. There was an embedded reinforcing bar that was rusted
on its top side, and ASR was also seen in this core. Figure 3.2 shows that Core L was taken
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over the south pier line where traffic caused the largest tensile stresses in the top of the
bridge deck. It is believed that cracking at this area had allowed the ingress of water and

salt. The concrete at the bottom of the bridge deck at thh location had been delaminated

showing that chlorides and water had penetrated the full depth of the deck at this location.
Again, this is consistent with other studies (Miller et al., 1992; French and Coggins. 1990)
which show high chloride penetration in cracked areas.

The porosity of the concrete figured prominently in the chloride penetration. Figure
3.13 shows directly that the specimens with higher water absorptions had higher chloride
contents.

3.2.6 Rusting ol the Reinforcing Steel

The bridge deck showed a considerable amount of rusting of the reinforcing bar. The
corrosion of the bars resulted in a considerable loss ofcross-sectional area and pitting of the
rebars. Corrosion of rebars can occur in a widespread manner or in very localized areas.

The general widespread corrosion will more likely result in concrete spaUing, while localized
corrosion, or pitting, will result in a loss of area of the steel rehan without any significant
damage to the concrete cover. Pitting most often occurs under poor quality concrete or at
cracked regions of concrete. Most localized corrosion has been detected by the appearance
of rust staining or cracks (Wilkins and Sharp, 1990) although this may not occur until severe
corrosion.

A study was conducted to analyze the effect that pitting and loss of area due to

corrosion of the reinforcing steel bad on the yield, ultimate strengths, and modulus of

elasticity. In a recent report by Maslehuddin et aL (1990), corrosion of reinforcing steel did
Dot have any effect on the strength parameters. The rebars with increasing periods of
exposure to the atmosphere reported a slight increase or no change in their yield and

ultimate tensile stresses. Furthermore, the reinforcing bars showed a slight increase or no

change in the bond strength with longer exposure to the atmosphere and rusting.
Samples of rusted bars were cleaned of loose material and the bar diameter carefully

measured at many points along the length. The measured bar diameters were used to
calculate areas which were compared to unrusted bars. The loss of area is the difference

between the areas of rusted and unrusted bars
After the bars were measured, standard tensile ASTM tensile specimens were machined

from part of the bars and tested for yield and ultimate strength. The test results are shown
in Table 3.1. Note that specimen N showed a slight increase in area probably due to

expansion normally associated with corrosion. Table 3.1 shows that Fyo F.. and E are within
the normal range for Grade 40 steel The conclusion is that rusting and pitting of the reban
did not affect the internal integrity of the steel

It is important to note that the tensile specimens were -cleaned" of corrosion during the

machining process and only sound metal was tested. The actual bars had both sound and

corroded areas. Since the corroded bar would be required to carry load durin& the
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destructive test, it was desirable to determine the cross sectional area of the bar which was
effective in carrying the load. The tensile specimens summarized in Table 3.1 were made
from one end of the bar sample. The remaining bar sample was tested in tension. An
extensometer was attached to the bar during the test, but since it was not poSSIble to predict
the position of yield before the test, the extensometer did not produce useful data and yield
could not be detected.

After the bar fractured. the position of the fracture along the length of the bar was
determined. Since the bar had been measured at several places along the length, it was
possible to determine the original area of the fracture point. The effective area was found
by dividing the load at fracture by FD found from the tensile test of the specimen from the
same bar. With the exception of specimen N (Table 3.2), the bars were better than 95%
effective in carrying load. However, when the effective area is calculated as a percentage
of the original, unrusted area, it is seen that losses of area as high as 35% are found and
that the average loss was over 20%. Obviously, such large reductions in area will
significantly affect the structural integrity.

Table 3.1 • Rebar Loss fJI Area and meet OIl IDtemaI Streqtb

Specimen AvgArea Avg% Fy F. E
(in2

) Loss of (psi) (psi) (xl()6 psi)
Area4

K (NL)l 1.174 0 50129 92970 29.37

L (NL) 1.168 0 38454 72471 30.93

Ml 0.891 23.889 49726 94565 28.22

M2 1.111 5.099 50391 94008 31.10

M3 1.100 6.047 48226 94908 NjAZ

N 1.180 -0.806 45809 87062 27.34

P 1.136 3.001 48962 89756 30.43

Mean Values N/A N/A 47400 89400 29.S7'
'1otes:

1. (NL): There was No Loss of area for the rebar.
2. The elastic curve for M3 was not accurate.
3. The average elasticity values do not include that of MJ.
4. The average % loss of area is based on the average areas of the K and L
measurements, which was 1.171 in2

•

Fy: Yield Stress
F.: Ultimate Stress
E: Modulus of Elasticity
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Table 3.2 - Percell. Loss 01 Area

Specimen Measured Effective Effective % of
Ave Area Area as Area Non-eorroded
of Rebar %of (in2

) #9 Rebar
(ur) Measured Area (1.171 in2

)

Ml 0.855 95.90 0.820 69.99

M2 0.n6 98.51 0.764 65.28

M3 0.998 97.93 0.977 83.46

N 1.174 83.49 0.980 83.70

P 1.086 99.74 1.083 92.50

Average 0.978 95.10 0.925 78.99

Carbonation or Concrete: Concrete has a high alkalinity with a pH of about 12 which
creates a passive ferric oxide film F~03on the surface of the rebar and prevents corrosion
(Slater 1983; Mindess and Young, 1981). The passive iron oxide layer is destroyed when
the concrete pH is reduced to 11 or below (Mindess and Young, 1981), and the reinforcing
bars lose their corrosion protection. The pH can be lowered by carbonation of the concrete,
in which Ca(OH)2 is converted to Caco2 by CO2 from the atmosphere. Reinforcing steel
embedded in sound concrete with an adequate depth of cover to the bars should remain
unaffected by carbonation.

Carbonation Tests: Phenolphthalein acid base indicator was applied with a dropper on
freshly craded surfaces of concrete. The non-carbonated portions of concrete turn pink,
while the carbonated concrete remain clear during this test. The shoulder specimens tested
were IT and HH. Core 1 was tested from the roadway concrete.

The tests indicated that carbonation of the concrete did not penetrate the top surface
of the concrete except at cracked regions. No carbonation had occurred anywhere in Core
1 or Specimen IT. However, it should be noted that the original top layer of concrete from
Specimen 'IT had spalled off, so that no carbonation testing was possible.

Specimen HH, from the east shoulders of the deck. was broken near a crack, and
carbonation had penetrated to the bottom of the crad and ended there. If a rebar had
been at the bottom of this crack. carbonation would have set in, and the steel may have lost
its protective oxide layer here.

3.2.7 AIbIl and CaldIllD Ion Testing
An analysis of the concentration of calcium (Ca++). potassium (K+), and sodium (Na ')

ions was performed according to Standard Methods. 17th edition (1989), by atomic
absorption spectrometry. The specimens tested from the east shoulder of the bridge deck
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were n. LL, and }ffi from various depths of the deck. From the roadway concrete, Cores

5 and 7, and Specimen EE were tested. The locations of these can be seen in Figure 3.2.
This test was conducted to see if the allca1ies (Na+, X'.) from the sodium chloride, and

the calcium of the calcium chloride of the deicing salts were detected in the shoulder
concrete where they were brushed to by the plows and traffic. Potassium can also be
present in road salts. The three metals were all expected to be higher in the shoulder
concrete where the deicing salts most abundantly seeped into the concrete.

However, the results of these tests were largely inconclusive. Since calcium is the major
component of cement, any calcium from the CaCl2 was insignificant and could not be
detected. The potassium and sodium tests were also inconclusive since both minerals are
easily leached.

3.3 SUGGESTED IMPROVEMENTS
Repair of ExIsting Bridge Deterioration: The most commonly used method for chloride
ingress prevention on Ohio bridge decks is the micro-silica overlay, while latex-modified and

superplasticized-dense concretes are also used. Micro-silica overlays are the most
impermeable overlays and have been found to extend the life of bridge decks by 10 to 15

years.

The application of micro-silica overlays first consists of the scarification of the top 114ft

layer of concrete off the deck; this exposes the deteriorated areas of concrete. The pot
holes and other pitted conaete areas are tilled with micro-silica concrete to the top of the

deck. A 1-1/4- micro-silica overlay is then placed on top of the deck, with an adequate seal,
while the approaching roadway is pavement planed flush with the top of deck.

Epoxy-type sealers are not used very often by Ohio DOT, because failures in their use
have been reported. Very localized pieces of dried sudace coatings have been shown to

break off. making the layer ineffective at these areas. The application of epoxy-type sealers
is the easiest and fastest method for chloride ingress prevention. A 1/4- epoxy waterproof

surface coating can be applied in one day. It is simply squeegeed across the deck in one
layer and a layer of stone is placed on top of it. A total of four alternating layers of epoxy
and stone are used. This is used only on decks in good condition, because the epoxy
material cannot be used as a filler material for decks with pitted concrete.

According to Ohio DOT, micro-silica overlays will be used on most Ohio bridge decks
in need of maintenance in the near future. These overlays have only been used on bridge
decks in need of repair and not on new decks.

If the concrete on a bridge deck is deteriorated through the full depth of the deck in
some areas, then its replacement while keeping the rest of the deck intact would be virtually
impossible. This is what was found to be true for the Batavia bridge deck. However, if
only the top layer(s) of concrete are deteriorated or spalled, and the subsurfaces ace intact,

then it is possible to replace the bad cona-ete without intedering with the good concrete.

The bad concrete can be drilled away and a microsilica concrete can be placed in its place.
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A miccosilica concrete is used because it is dense and will keep water and chlorides away
from the existing layers of concrete.

Cathodic protection for reinforcing bars have been used recently in 9 bridge decks in
Ohio to replace existing rusted reinforcing bars. The use of these is very recent in Ohio's
bridge decks and further research is needed in this area.

Future Resan:b Needed: Future research is needed in the field of cathodic protection for
reinforcing bars. Both their effectiveness in resisting corrosion and the cost to maintain
them must be studied. Also, the effectiveness of epoxy-coated bars in resisting corrosion
in bridge decks must be further studied as these bridge decks age.

It has been found that the chloride levels were significantly reduced with the use of a
waterproof membrane on top of the concrete. The cost and effectiveness of latex·modified
concrete, epoxy surface coatings, and micra.silica overlays should be researched.

The behavior of chlorides in concrete bridge decks must be studied in order to better
understand the mechanism of deterioration to the concrete caused by chlorides.

The research performed in the study of alkali-silica reaction and -D- cracking is very
valuable in the understanding of these mechanisms, and more research should be continued
on existing bridge decks.

R«oJnlMlldations: The following reoommendations are made in order to prevent the many
deterioration mechanisms in future bridge decks that had attacked the 1954 Batavia, Ohio
bridge deck. It has been found that some of these recommendations have been utilized in
current bridge decks, but they are restated here to reemphasize their importance.

• The use of asphalt overlays is not recommended on bridge decks. Asphalt is very
water retentive and it may trap water under it to saturate the concrete.

• Use one of the following overlays on Ohio bridge decks to help prevent the ingress
of chlorides:
• A latex-modified concrete. It has increased the service life of many bridges by

15 years by slowing the ingress of chlorides.

• An epoxy surface coating has been shown to significantly decrease the
concentration of chlorides beneath it.

• A concrete overlay with a low water/cement (.$. 0.32) ratio and adequate air
entrainment. While this does not completely impede the ingress of chlorides, it
does slow it down considerably.

• Micra.silica concrete is currently being used on some of Ohio's bridge decks,
because it is dense and will impede the ingress of chlorides.

• Provide adequate drainage for water to flow off the top of the deck so that the
concrete does not become saturated.

• 5% to 6% air-entrainment should be used in all Ohio bridge decks to help prevent
cyclic freezing damage.
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• Sweep the unmelted snow deicing salts off the sides of the bridge decks after the
snow/ice has melted and is no longer a threat to drivers. This will remove the water
that helped to cause "D" cracking. ASR.. and rusting that was seen on the bridge

deck.

• Do not spray CaCl2 on top of the NaCI deicing salt unless it is absolutely necessary.
The rate of corrosion in concrete mixed with calcium chloride has been found to be

greater than the rate in concrete mixed with sodium chloride and it could be more

corrosive to hardened concrete also.
• Use a concrete cover over the reinforcing bars of ~ 2.5" to retard the ingress of salts

to the rehar level. This will also make the top layer of concrete over the rebars less
susceptible to spalling. However, wider cracks may develop with larger concrete
cover of the top reinforcing bars. This can be critical in areas of high negative
moments where cracks may form at the top of the deck. An epoxy coated welded

wire fabric should be used above the top rebars to prevent cracks from developing.

• Use as Iowa water/cement ratio as is feasible. This will prevent excessive capillary
pores near the top layer of concrete and slow the ingress of water and melted
deicing salts.

• Ensure good consolidation of the concrete.

• Use a low alkali cement. ~ 0.6% by weight of Na20 equivalent.

• Avoid the use of high silica aggregates.
• Do not over-fmish the concrete, because this will bring excessive fine pores to the

top layer of concrete. If over-finishing or the addition of water to aid in finishing

occurs, excessive mortar and water will bleed to the surface, causing a higher

water/cement ratio.
• Use a uniformly-graded aggregate. This will improve the durability of the concrete

for the prevention of cyclic freezing.
• Use a maximum sized aggregate of 3/4". The larger the aggregate, the more

susceptlole it is to "D" cracking.
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Repc1rted herein are the results of laboratory studia of one large concrete segment. several smaller
concrete segments, and two concrete cores submitted by Drs, Emin Aktan and Richard Miner, Professors,
University of Cincinnati, Cincinnati, Ohio. Requested we.e studies to determine the cause of deterioration
of conaete represented by the segments, and reasons why the concrete in the cores had deteriorated.
Reportedly, the segments were taken from the shoulder area roadway of a bridge located on Ohio State
Route 132. Accordingly, the concrete was examined using petrographic microscopy methods for
evaluation of composi tional and textural characteristics of the specimens.

S1J1DIES

Spedmen! - The largest conaete segment was identified as HH and had approximate dimensions of
18 x 12 x 10 inches. AD surfaces were broken and the original top surface had 1!ICA1ed. The remainillg
segDleI\ts were DUlch smaller; the largest of these had approximate dimension of 10 x 8 x 6 inches and
all surfaces were broken. The rores are identified as Nos. 1 and 5. Their diameten are 4 inches and the
lengths 9-1/2 inches. The top rore surfaces were roughly finished and the ends broken. The c:.'Ol'\a'ete
from which the a>res were taken has sub5equently been paved with aphalt. All concrete segments were
laced throughout with random fractures. Numerous areas of the segments were coated with deposits of
white secmdary compounds. Core No. 1 contained a single longitudinal crack that extended the length
of the cores. The crack passed &roUlld most rome aggregate particles in the upper portions of the core
and around and through the puticles in the lower core portion. Cole No.5 was intact and contained two
tran5verse steel reinforcing bars klcated perpendicular to each other, and 3 inches below the top surface.
The stlee1 is nonconoded.

PctroInphic Studies - Coarse aggregate of all specimens is gravel having a top nominal size of 1 •
1-1/2 inches and consisting of limestone, dolomite, granite, quartz, basalt, gabbro, chert, and day·
ironstone. The fine aggftgate is a natural and crushed (manufactured) sand consisting of limestone,
dolomite, quartz, granite, and feldspar. The coarse aggregate is not well graded nor unifonnly
distributed. Intennecliate-size particles are i~ufficient in number or entirely miasma. Neither the coane
nor the fine aggregate were chemically stable during service in the concrete of the fragments. Alkali-si1ica
gel is present as aggregate rims and as seconduy depcsits on fracture surfaces and in air-wids. The
presence of the gel indicates that an aIka1i-aggregate reaction has occuned CPhotograph 1). Physbl
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damage to individual coarse aggregate particles and to the concrete has occurred as a result of WOft cracking
<Photograph 2).

The cement paste in all specimens is mediuri'l to dark gray, and in nondeteriorate4 areas is hard, dense, and
well bonded to the aggregate puticles. [t contains a significant amount of residual cement particles.
Hydration appears normal and advanced. The compositional and textural characteristics of the pute are
indkative of a moderate cement amtent (estimated to be 5 to 5-1/2 bags/ydJ) and a low to variable
water/cement ratio (estimated to be .48 to .52). Secondary white deposits of calcium carbonate are present
on many fracture surfaces and in voids of the concrete fragments. There deposits indicate that the cement
pasle has been leached of soluble compounds by water moving through the concrete system.

Air in the concrete occurs as a few large spherical and nonspherical voids characteri!>tk of entrapped air and
as a few more small, spherical, discrete voids characteristic of entrained air. The concrete is classed as air
entrained; however, the system is not well developed. The estimated air content is only 3 to 3-1/2 percent
and the voids are not weD distributed. They tend to accumulate in clusters and around coarse aggregate
particle surfaces. The air void system is marginal and is not capable of providing sufficent protection to the
c:oncrete in a hostile environment. The weathering conditions associated with the bridge location would be
c:onsid~l!da hostile environment.

SUMMARy AND DiSCUSSION

The study reqdts indicate that concrete in both the cores and fragments is air-entrained and made with gravel
coene aggregate, natural and crushed sand fine aggregate, a moderate cement content, and a low to variable
water/cement ratio. The estimated air content is 3 to 3-1/2 percent.

Damage to the concrete in the fragments resulted from: (1) an alkali-silica reaction between chalcedonic,
opIline chert in the aggregate and alkali in the cement; (2) cyclic freezing of water entrapped in carbonate
aggregate particles; (3) cyclic freezing of inadequately air-entrained concrete; (4) extensive leaching of soluble
compounds from the cement paste; and, (5) a possible alkali·<:arbonate reaction between limestone and/or
dolomite aggregate particles.

The albli-$ilica process forms silica gel as a reaction product. The gel occupies a larger volume than the
original reactants and its production builds up internal pre<..sure within the concrete and event\Wly the
pressure surpasses the tensile strength of the concrete and aacking results. A continuation of the reaction
eventually causes extensive distress in the concrete structure.

Although the concrete is air-entrained, the air-void s)'5tem is not weD developed. Due to the low air content
and an INdequate distribution of the voids, many concrete areas are virtually unprotected from cyclic
freezing damage. In adJition. much of the coarse aggregate is susceptible to deterioration by -0- cracking
and IOICh deterioration has occurred. The process iJ lolves the en:rapment of water within Individual
agrepte particles, and deterioration of the particles and the sunounding concrete as cyclic freezing ocxurs.

Water moving through the concrete can dissolve compounds in the cement paste. These compcunds are
I'I!IMVed and subsequently deposited in voids, aggregate sockets and on any available surface. The
compounds, upon exposure to the atIrosphere, are altered to fonn calcium carbonate. Progressive leaching
can l8iously reduce the integrity of the concrete.
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The po6$ibility of an alkali carbonate reaction also exists. This process causes dedolQmitiution of carbonate
rock types in the aggregate and produces bnacite (Mg<OH~); however, there was no indication that this
re&dion has yet occurred.

Recent studies have suggested that the use of deicing agents rontaining sodium and/or potassium. salts can
promote and even enhance the ocxurrenee of alkali aggregate reaction by increasing the alkali content of the
concrete. This situation may also be a cause of the concrete deterioration.

Once the concrete has been subjected to damage from the above conditions, deterioration of the concrete can
be anticipated to be progressive and even accelerated.

ErJin, Hime Associates Division (EHA)
Wiss, Janney, Elstner Associates, Inc.

I/~
Virgil Kress
Consultant

VI<:pIn

Samples wUl be diIcudti. aftu~ year was other disposition la requated. aaUla
may be made for ltorage after that period..
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Photograph 1 - Reacted chalcedonic chert particle and associated
allc.ali-silica pi rim. Each incren . represents 1/16 inch.
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Photograph 2 - FractuJe in an aggregate particle caused by "D~ cradting.
Each increment represents 1/16 inch.
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fIGURE 3.3;jQP VIEW OF mE BAST SHOULDER OF mE_DECK

FIGURE 3.4: SIDE VIEW OF DAMAGE TO EAST SIDE OF BRIDGE DECK



NO
TE

I
D

ET
ER

IO
RA

TI
O

N
IS

A
PP

R
O

X
lH

A
ltL

Y
Sy

H
H

tT
R

tC
A

l
O

N
DO

T.
.

S
Ib

[S
D

r
T

tt
:

C
tN

T£
:R

llN
£:

D
ET

ER
IO

RA
TE

D
A

RC
A

S

RO
A

D
S

U
R

rA
tt

S
B

..I
D

I

11
__

__
_

.

•'
to

.
'
J:!

.
I-

ap
p

ro
••

I'
-
-
l

\-
--

--
--

--
--

-1
9

1
-

3'-
-
-
-
-
-
-
-
-
-

Lt.
._C

l~:
~:~

-~-
~:-

~.-
---

--.
,

.
.

.
..

.
to

,.
r

ap
pr

ol
C

.;
:-

T

CC
N

TE
RL

IN
E

or
D

RI
D

G
t

•
[)

C
po

•
•d

lo
r
.

CR
OS

S
SE

CT
IO

N
OF

BR
ID

GE
DE

CK
CU

T
PE

RP
EN

DI
CU

LA
R

TO
DI

RE
CT

IO
N

OF
SP

AN

Fl
G

U
R

B
3.

5:
A

PP
R

O
X

IM
A

TE
D

A
M

A
G

E
TO

n
IB

D
EC

K
.C

R
O

SS
-S

B
C

nO
N

A
L

V
IB

W



1------ - ---

1'----
I -

'N

South
Span

\
\
\

\
\
\

Middle
Span

North
Span

\
\

\
\
\

l_

\
\
\\ . ~ __. 1-

FIGURE 3.6: LAyour OF BRIDGB FOR CONDmON SURVEY

FIGURE 3.7: AGGREGATE D-CRACKlNG



FIGURE 3.8; RESULTS OF URANYL ACETATE TEST
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CHAPTER 4: DESIGN OF DESTRUCl1VE TESTING AND INSTRUMENTATION

4.1 DESIGN OF LOADING SYSTEM
Figure 4.1 shows the conf:ept behind the loading system. This system was designed to

simulate a single HS20-44 t! uck entering the bridge in the northbound lane. In form and

function the loading system is relatively simple. However, this loading system is very
different from the concept envisioned in the proposal and that is presented in Figures 4.2

and 4.3. The original concept envisioned the erection of a frame spanning between the
abutment and pier to cany the load. The decision process for the final loading system is
presented in the following section.

4.1.1 DeYeIopment or Loading Systna
The original concept for the loading system consisted of two frames designed to transfer

the reactions of the applied load from the bridge deck to the abutment and pier. In this

manner a self-equilibrating frame would be developed. The result was a closed loop loading

system by which only the deck of the bridge would be loaded. The load frame transferred
the load away from the columns thr(lugh the pier and away from piles through the abutment.
Originally this concept was desired for several reasons. First, uncenainty of the soil

conditions at the bridge site during the development of the concept made it impossible to
assume that conditions would be adequate to use tension piles or rock anchors Second, it
was also possible that the bridge would be scheduled for orly a deck replacement and the
columns and piles would be reused. H this was to be the case, it is doubtful that ODOT

would have permitted loading the supports to the levels required for the destructive testing.

Once permission was given for performing the destructive test on the Batavia bridge, the

design of the loading system was begun immediately. The first stage in designing the
loading system was to detem.ine the level of load the bridge could withstand. Predictive

Nonlinear Finite Element Analyses (NLFEA) and Yield Line Analyses (YlA) indicated that

the bridge capacity could be as high as 1,400 kips (See Chapter 8). Although deflection
could be predicted with considerably less confidence, it was estimated that the maximum
df!flection could be as high as 10 inche5. The level of the load required the use of hydraulic

actuators as it would have been very impractical to use other methods, such as stacking

conaete blocks or water barrels on the bridge.
Figures 4.2 to 4.4 give the details of the preliminary designs for the loading frame.

However, several problems were found to be associated with this concept. The most

serious problem was the stability in the loading system. Not only was lateral stability a
serious consideration; but also due to the nature of the testing the deflection of the frame

had to be limited or the stroke of the actuators would be used up in deflecting the frame

rather that the bridge deck. This required a very deep plate girder to transfer the load. A

second issue was the necessity to core relatively large holes along both the pier and

abutment to accommodate the connection of the fr..me to the abutment and piers. This
could end up substantially affecting those critical regions of the bridge.



An alternative loading system of rock anchors was proposed by D. Meinheit and D.
Heidbrink of Wiss Janney Elstner Associates. Richard Goettle Inc. was contacted to

evaluate the feasibility of installing rock anchors for providing the reactions loading for the
bridge. The rock anchor concept was then found to be a more feasible loading concept.
First of all, the concerns over stability no longer presented a problem as the load could now

be placed in a straight line through the actuators. The elongations that would be expected
in the rock anchors was substantially less than the deflections expected from the loading
frame. The rock anchors only required the presence of 4 cores through the deck. half the
number required for the loading frame. The cores needed for the rock anchor installation
were located in a substantially less critical location and the cores would be reinforced by the
load transfer blocks. Finally, the overall simplicity of the rock anchor concept provided
obvious advantages for testing in the field, as it is vital to keep designs for field
implementation as simple as possible.

Based on cost estimates of the frame and rock anchors it was found that the rock

anchors would cost about half the amount the of loading frame. Therefore, in the final
assessment it was found that the rock anchors had significant advantages over the loading

frame concept.

4.1.2 Desip of Loading System

The loading system has been designed to simulate the front tandem of a HS20-44 truck

entering the bridge in the northbound lane as shown in Figure 4.1. Notice that the front

axle of the rating truck. when placed in its critical position. is located almost directly above
the first pierline, so it was necessary only to simulate the rear wheel load.

Preliminary Nondestructive Evaluation (NnE) and analyses indicated that the most
desirable position for the destructive test was the south-east quadrant. This quadrant of the

bridge was indicated to have significant damage, while there were no signs of problems that

could be detrimental to other aspects of the research. Figure 4.5 shows the exact location

of the loading blocks on the bridge. This position of the loading blocks was selected based

on the criteria that it represented the most critical loading within the span.

The destructive test simulated bridge loading as envisioned in the rating process, as

opposed to the actual manner traffic load is imposed on the bridge. Loading the bridge in
this manner permits testing the reliability of the rating process, especially as it applies to
computing capacity and demand for RC slab bridges.

The loading system was fabricated by first drilling four 7" diameter cores through the

bridge deck after verifying that these holes would not damage the bridge deck (Figures 4.5
and 4.6). The rock anchors were installed by first driving a 6- diameter pipe through the

holes in the bridge deck to the bedrock.. Holes were then drilled 45 feet into the bedrock.

The rock anchor cables were then installed and grouted. The nen phase was the insIallation

of the concrete loading blocks (Figures 4.6, 4.7, and 4.8), fabricated directly on the bridge

around the rock anchon. Steel pipe sections were fabricated for each block (See Figure 4.9)

4-2



which served two purposes. First, they provide a path for the rock anchors to move freely

through the load transfer block and bridge deck. Secondly, they allowed room for the
cylinder piston to extend down into the load transfer blocks. The blocks were constructed

using high strength 9,000 psi concrete (See Figure 4.9) and reinforced to assure that they
would not crack since any weakness in the loading blocks could affect the test.

4.1.3 Design or the Servo-Control Syste.
Several options for controlling the loading system were explored. The system ultimately

selected is a servo-controlled electro-hydraulic loading system which is comprised of a pump,
the four actuators, two servo-valves, a two-channel digital servo-controller, pressure

feedbacks for load control and stroke feedbacks for displacement control. Real-time digital
plotting software was used for instantaneous feedback of actuator loads, strokes and aitical
specimen responses. This real time system provided the information need~ to make
decisions for controlling the test. All of the test control equipment was located in a field

office adjacent to the bridge.
The hydraulic system was designed to control the cylinders in pairs, with both cylinders

on the same load block sharing a common pressure feed from one of the two servo-valves

(See Figure 4.10). By plumbing the cylinders so that both actuators on a load transfer block

shared the same hydraulic pressure feeds, a master slave relationships between the cylinders
was created to ensure the same load.

The load applied by each individual cylinders was monitored through a pair of pressure

transducers. The difference in the pressure readings between the supply line and return line
at each actuator was calibrated against the actuator force in the lab against a load-eell.
During the test, the actuator loads obtained from the pressure transducers served as the
load control feedbacks to the servo-controller. One load reading from a cylinder at each

block was used for control. Wire potentiometers were also attached to the cylinders to

measure stroke and their output were used as actuator stroke feedback.

4.2 INSTRUMENTATION

Instrumentation is the vital link between the researcher and the experiment. Selection

of the instrumentation and data acquisition system and design of the instrumentation layout

is of critical importance if the complete response of the structure is to be captured. The
final instrumentation plan was not arbitrary, but was the result of a careful planning in which

many factors were considered.

4.2.1 Instrument Selection Criteria
The first task was to consider the response quantities to be measured and then select

possible instruments which may be used. It is best to select several possible instruments for

a given measurement and then make a final selection based on application, ~rimental

conditions (i.e. lab vs. field), range and accuracy. In this test. it was desirable to measure
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both global and local responses of the bridge. The selected quantities to be measured were
vertical deflections of the slab, slab rotations at the abutments and piers, horizontal

movement of the slab at the abutment, strains in the reinforcing steel and distortions of the
slab and column concrete.

The next issue was the range and accuracy of the instrument. In general, the acx:uracy
of the instrument is a percentage of the instrument range, so it is necessary to use the

smallest pc.ssible range to obtain the most accuracy. However, it is also necessary to assure
that the instrument has sufficient range to measure the entire response of the structure.
Predicting the maximum response of a structure is not an easy task, especially for a highly
redundant concrete structure where acx:urate methods of predicting structural response are

not yet available. Once the range of the ir.stroment is determined. the next task is to select
an instrument with the maximum accuracy for the given range. Fieldmeasurementsofslab
deflection under normal traffic loading indicated that vertical slab displacements would

exceed 0.01" during the test. Nonlinear finite element models indicated that 10" would be
an upper bound for slab deflection. For rotations and slab movement at the abutment,
upper and lower bounds were less certain. The best available theoretical predictions
indicated that an accuracy of o.oor was needed and that the total movement would not

exceed 0.5". For concrete strains, an accuracy of at least 0.0001 in/in was desired.

Another consideration was experimental conditions, which have a great influence on the
selection of instruments. In this project, most of the tests were done in the field which
introduced a completely separate set of conditions on the instrument selection process. The

points considered were:
Weather Resistance: Since field weather conditions are unpredictable, the instruments
either had to be weatherproof or capable of being protected from the weather. Instruments
which could also be installed in inclement weather were advantageous.

Dust and Dirt Resistance: Instruments which require "clean" conditions (e.g. bondable

strain gages) are difficult to use in the field.
Physical Mounting Reqyirements: Instruments which require extensive surface preparation
or special mounting hardware are not well suited to field use.

Wind and Vibration: Wind and vibration are usually present in the field so instruments or

instrument mounting devices which are sensitive to wind forces or vibrations can lose

accuracy. For example, if long poles are used to mount instruments, the poles tend to move
in the wind and this spurious motion is recorded by the instrument.

Cable Lenilh: Usually in the field there is large distance between the instrument and the

data acquisition system so long cables are used. Long cables introduce noise and resistance
into the system. Also, long cables in the field can sometimes act as antennas and be
affected by atmospheric electromagnetic waves. Thus, the final selection of an instrument

was based not only on the instrument measuring characteristics. but also on the suitability

for field use.
After considering all the issues stated, it was decided that four types of instruments



would be used: linear voltage direct current displacement transducers (LVDCDT or usually
DCDT) with a :t: 1.0· range, slide wire potentiometers (slide pots) with a 10" range,
bondable strain gages and dip gages.

4.2.2 caJibntion
When a transducer is purchased. manufacturer provides specifications on performance

of the instruments such as linearity. sensitivity, temperature effects, resolution. etc. In field
experiment it is important to verify these specifi<:ations and test the transducers under'field
conditions. Often, the stated values are minimum standards. Carefui cabbration can
uncover better accuracy and/or allow for error compensation. Another factor which affects
instrument performance is the data acquisition system. Even though a manufacturer may
state the instruments have infmite resolution, the data acquisition system will impose its own
limitations on the instrument. Also the noise and electrical resistance of the cables must
be considered. When ca1Jbrating the instruments, the cal1brations were performed using the
actual cables and data acquisition system which would be used in the field. Because of this,
the stated accuracies and errors are for the entire system, not just the individual instrument.
If the instruments were used with a different data acquisition system or different cables, the
stated accuracies may no longer be valid. The data acquisition system imposes am accuracy
of 0.0003" on all instruments due to the fact that it is a 16-bit system.

Ca1J."bration was done using a micrometer which r ~ds directly in ten-thousandths of an
inch with a resolution of t:O.OOOO5 inch, established by the manufacturer using laser
interferometry. Because the range of the instruments exceeded the range of the cahbrator,
multiple runs were made to accurately calibrate one DCDT and one slide pot. For the rest
of the instruments, except strain gauges, only a 1.0" range was calibrated.

The DCDTs were ca1J.brated over the 1" range to one side of the null or 0 point. One
problem associated with the DCDT linearity is the phase change of the output when the
core passes the null point. It is possible to compensate for this by working to either side
of the null point ifpossible. In using the DCDTs in the field, each DCDT was placed so that
at the approximated maximum displacement the instrument would not pass through the null
point. This limited the range of the instrument to only half the total movement, but
increased the effectiveness of the instrument since the null point was not passed and the
linearity error was minimized. Because the movement of the DCDTs in some areas was
expected to be < 0.5", the DCDTs were also calibrated over a 0.5" range. A$ will be shown
later, this also minimizes the linearity error.

In the field application, the slide pots were extended to an initial reading of 9-, moving
back toward 0 as the bridge deflected. For this reason, the slide pots were calibrated over
the range between 8- and 9" of extension. Movements over 1" (which were beyond the range
of cah"brating device) were checked in a machinist's lathe and found to be sufficiently
accurate (error < 1%)

The clip gage consisted of a thin piece of strain gaged brass attached to two thick
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aluminum columns (Figure 4.11). The pinned base of the columns was attached to concrete
and as the concrete distorted, the brass flexed and the flexure was measured by the strain
gages. Through cabbration, the relationship between the strain gage reading and the
movement of the base was established. In order not to overstrain the brass piece. the clip
gage was calibrated over a OS range with the distance between the base pins being 4.625"
to 5.125" (note that to work properly the brass piece must be slightly flexed and remain
flexed during measurement).

Calibration was performed by three extensions and three retractions over the range on
each instrument, eltcept for the clip gage where time constraints permitted only one trial in
each direction. Data was recorded at 0.01" intervals. AD errors were treated as random
errors with a Gaussian distribution. The sample standard deviation was used in defining the
confidence intervals and the error limits. A confidence interval of 95% (two standard
deviations) was used. Error types are shown in Figure 4.12 and sample calibration curves
are shown in Figures 4.13 and 4.14.

4.2.3 Enor Types and Description (Fipres 4.12 - 4.14)
Linearity: Linearity is the measure of how far the data deviates from a best fit straight line.
There were three trials in each direction (extension and retraction) or 6 trials overall. For
each trial the best fit straight line is determined and the deviation from the best fit straight
line is calculated. The deviations are then averaged to give the total linearity error for the
instrument. Linearity is a bias error and can be eliminated or at least reduced by two
methods. One method would be to use a higher order polynomial equation to model the
instrument, but this was not found to be necessary or practical. The other method involves
cahbrating the instrument over a fraction of its normal range. By doing this, a linear
equation can be derived which substantially reduces the magnitude of the error. Figure 4.12
illustrates this concept.

For a cahbration of 1.0· to one side of the null point on a DCDT, the linearity error was
j:O.0026:. For the same DCDT using only a range of 1/2", the calculated error band was
j:O.OO03-.

A linearity error of :to.0027 in was found for the slide pots. Note that because it was
anticipated that the slide pot would need to operate over a large range of displacement, it
was not practical to improve the linearity by restricting the range of movement as it was
done with tbe OCDT. For the dip gage a linearity error of :to.0043" was determined.

R.epeatabUity: Repeatability is the ability of the device to output the same value fOt th~

same displacement over a number of trials. The data is divided into sets corresponding to

a particular cahbrator value always approached from the same direction (Figure 4.12).
There are then three trials in each direction (extension or retraction). The range of values
(spread) at each point is then determined. These range values are then used to obtain a
sample standard deviation for the repeatability error. This is a random error for which no
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compensation is possible.

For the DCDT, the repeatability error was about 0.006" for all ranges. The 10" slide pot
had a repeatability error of :1:0.0046".

Hysteresis and Backlash: Hysteresis is the difference in a reading, at the same
displacement, depending upon whether the displacement was obtained by an extension or

a retraction of the device (Figure 4.12). The three extension trials were averaged and the

three retraction trials were averaged. Hysteresis was the difference at a given point between
the average curves.

Backlash is related to hysteresis (Figure 4.12). It is a measure of the displacement
needed to actually change the instrument reading going from an extension to a retraction.
The data is examined at the points where the direction of movement is reversed to see how
much movement occurs before the transducer registers the movement. This is a random
error for which there is no compensation.

The DCDT had a hysteresis error of %0.0005" for all ranges. The 10" slide pot had a
hysteresis error of :1:0.004". It was noted that a backlash error of 0.0037" was found to occur
in the 10" slide pots so the slide pot hysteresis is all backlash. The backlash in the DCDT
was below the resolution of the data system. Since backlash was included in hysteresis, it
was not considered separately.

Tberaal Drift: Even if an instrument is not displaced, there will be a change in the output
reading called drift. The most common cause of drift is thermal effects, both internal and

external. Since the instruments are electrical devices, some internal heat is generated.

External changes in temperature also affect the instrument. These temperature changes
affect both the electrical and mechanical components causing slight changes in the output.

Drift can also be caused by fleXIbility in the physical instrument support and/or connections,
wind and external vtbrations.

Instrument drift was checked by using dummy instruments which were placed under the
bridge but not displaced. DCDT drift was checked during the truckload test and the slide

wire pots were checked during the destructive test. In both cases, the drift was < 0.001".

Since the drift was an order of magnitude below the instrument accuracy, it was deemed not
important.

Accuncy: In this context, the accuracy will be taken to represent the combination of all
errors, except drift. To determine the accuracy of the data statistical techniques were used
to obtain the error within the desired confidence interval. For both the Truck Load Test
and the Destructive Load Tests, the interest centers on the overall error. For this test,

linearity, repeatability, and hysteresis errors were combined to determine an error band for

the instruments. As stated there are ways to reduce the linearity errors but the other errors

are random and cannot be reduced. The accuracy assumes linearity errors ar~ minimized.
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The total error is determined by using the Root Mean Sum Square method (RMSS) (EQN

4.1).

EQN. 4.1

where

Et 0: Total error

E. =Linearity error

E r = Repeataoility error
E b = Hysteresis error

Tables 4.1 • 4.3 summarize the calibration results and the manufacturer's specification.

For the DCDT calibrated over a 1.0" range, an total error of ±O.0028 inches was established

(Table 4.1). From the manufacture's specification (Table 4.2) the error band is expressed
as a percent of full scale over the working range of the instrument and is zO.OO5 inches, two

times greater than error established by calIbration. Comparing the linearity error of :t:O.0026

to the total error of ±O.OO28 it is obvious that the greatest source of error for the DCDT

is linearity. ~ can be seen a careful calIbration has reduced the error band and incr<:ased
the effectiveness of the instrument.

For the second caJJbration done over a OS range an error band of :t:0.OOO8 inches was
found. TIlls is increased the effectiveness of the instrument three times over the 1.0"

cahbration, and over six times that stated by the manufacturer.

For a typical 10" slide pot an error band of ±O.0065 inches was established (Table 4.1).

The manufacturer states an error band of ±0.015 inches. As with the DCDT an increase

in effectiveness of the instrument was gained over the manufactures specifications by
performing additional calibrations. Unlike the DCDT the largest contribution of error

comes from repeatability and backlash, rather than linearity.

The total error for the clip gage is based solely on the transducers linearity, zO.0043".

The reason for this is because not enough calibration trials were run to give acceptable

answers for repeatability and hysteresis.

Sensitivity: This was expressed in mv of output/volt of input/inch of displacement and is

simply a scaling factor to convert the transducer output to engineering units. For example,

the DCDT had a sensitivity of 800 mv/v/inch. Thus, if a 10 volt current were used to excite

the DCDT and there was a 1/2" displacement, the output would read 4000 mv (Equal to 800

mv/v/in sensitivity • 10 v input • 0.5" displacement). This value is typically derived from
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the slope of the best fit line over the full range of the transducer, but for the instruments
used in this test, the sensitivity is found for the working range. As previously noted, for the

DCDT using the I" range on one side of the null point. the sensitivity is 800 mvIvlin. The

10" slide pots had a sensitivity of 93.5 mvIvlinch over the I" range ofcareful calibration, but
this value was found to be acceptable for the entire range of instrument. For the clip gages,
the sensitivity was 2.2 mvIvlinch.

Table 4.1 • Error Results
(all units are :tiDch)

Sensitivity Linearity Repeatability Hysteresis Total
mv/v/in Error Error Error Error

DCDT(l") 800 0.0027 0.00055 0.0005 0.0028

DCDT (1/2") 800 0.0003 0.00061 0.0005 0.0008

Slide Pot 93.5 0.0027 0.00460 0.0037 0.0064

Clip Gage 2.2 0.0043 -- --- 0.0043

Table 4.2 - DCDT Spedfkatioos

MODEL NUMBER 0244-0000

RANGE, (working) :t 1.00

MAXIMUM, (usable) :t 1.50

INPUT, VOLTS DC 6.0 to 30.0

INPUT CURRENT 8.3 ma @6V.
INPUT TO 52 rna
@30V.INPUT

LINEARITY CJb FULL SCALE OVER :to.5
TOTAL WORKING RANGE

OVER MAXIMUM USABLE RANGE :tl.OFFF

INTERNAL CARRIER FREQUENCY (Hz) 3200
NOMINAL GREATER mAN

% RIPPLE (RMS) NOM. 0.8

OUTPUT IMPEDANCE (OHMS) S600

FREQUENCY RESPONSE 3 db DOWN Hz 100

TEMPERATIJRE·RANGE -65F to +250F

RESOLImON INFINITE
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Table 4.3 - Slide WIre PoteDtioaIeter SpedIkation

RANGE 10 INCH

EXCITATION VOLTAGE 2SV MAX.
ACor DC

ACCURACY :*:0.15% FS.
(Repeatability and best fit straisbt
line errors combined)

RESOLUTION 0.008% F.S.
MAXIMUM

nJERMAL COEFFICIENT OF 88 P.P.M./F
SENSING ElEMENT: ZERO
AND SPAN
(Over temperature range from OF to
2OOF)

SENSlTIVlTY (MVIV/INCH) 94.75

TEMPERA11JRE RANGE OF to 200F

HUMIDITY TO 90% RH

VIBRATION 10 G's to 2000
Hz

4.2A FiaaI SeIedioD ollnstru8aents and Iastrw8eDtation Layout
As was noted in other parts of this report, two types of load tests were conducted; a

service truck load test and the destructive test. Complete instrumentation plans are shown
in Figures 4.15 through 4.18. For the truck load tests, OCDTs were used for deflection
measurement. Since the anticipated deflections were small the more accurate and shoner
range DCDT was suitable. The deflections were measured using a "weight and wire"
technique suggested by Wiss Janney Elstner Associates. In this method a 2 pound weight
is hung from he bottom of the bridge deck by a wire. The weight is attached to the core of
the DCDT and the DCDT shell is firmly mounted to the ground (Figure 4.19). ~ the
bridge deflects, the weight moves the core. During the truck load test. a slide pot was
installed next to a DCDT to verify the slide pot performance. Also, two dial gages were
installed to verify DCDT performance. The dial gages confirmed the DCDT accuracy and
the DCDTs confirmed the slide pot accuracy.

For the destructive test, slide pots were in the loaded span and the middle span where
large deflections were expected. Deflections in the far end span were expected to be small
a.:d were measured with DCDTs using the previously described "weight and wire" mount.
Note that no instruments are shown at grid points C8 and E8. Slide pots were present at
these points but were attached to wooden frames which kept the extension constant. These
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instruments were used to measure drift and thermal effects.
Rotations at the abutment and pier lines were measured with DeDTs installed as shown

in Figure 4.17. At the abutments, the DeDTs were placed in a frame and the rotation was
the difference in the DCDT readings divided by the distance between them. On the pier
caps, rigid body motion (it was assumed the pier caps moved as rigid bodies) and rotation
were measured by placing one DeDT on each side of the pier but at different heights
(Figure 4.17). It can be shown mathematically that this placement can be used measure the

rigid body rotation and motion.
Steel strains were measured with bondable strain gages (Figures 4.20 and 4.21). Except

for exposed bars. holes were jackhammered into the concrete to expose the bar. A tlat
space was ground onto the bar and the strain gage applied.

Concrete distortions were measured with DCDTs and clip gages. Concrete strain gages
were considered, but rejected because of the great difficulty in field installation. Such strain
gages need to be long (3 times aggregate length. or 4.5· in this case) and surface preparation

and bonding become difficult under field conditions. Figure 4.22 shows the location of the

DeDTs used to measure concrete strains (Note: DCDTs are on both the top and bottom
of the slab). The DeDTs were installed between two angle brackets 6" apart. Using the

stated DeDT accuracy and a 6" gage length. the accuracy was about 400 microstrain. This
is one order of magnitude above the accuracy of strain gages, bllt still acceptable.

4.3 TEST PROCEDURE AND CONDUCT

The testing procedure in the case of the concrete slab bridge is greatly complicated by
the limited information available as to the expected results. Even greater complexity in
controlling the experiment is created when it is considered that the bridge is already
extensively cracked, which makes it impossible to determine limit states such as first

cracking. As a result. the lo~d must be applied carefully, using all the information available

from the instrumentation. to set a course of action. During the tests, the load deflection

cwves are plotted so that any sudden changes in response that could make a limit state or
impending failure can be realized as soon as possible

Based on this. a test procedure was developed by which the response al certain critical

points was observed by real-time digital plots as was others plotted by hand at every load

step, while at given intervals the load was held long enough to examine the collected data
from instrumentation and mark any new cracks that may have developed.

The loading program was designed based on the load-displacement response predicted
by the NLFEA. Numerous loading and unloading cycles were incorporated for shake-down

at the serviceability limit state. These cycles also permitted debugging the test controL
loading and data acquisition systems operation. The service level load cycles were followed

by a large inelastic excursion which revealed the damageability limit state characteristics of

the bridge and leaving a permanent vertical deformation of about 0.5 inches after unloading.

The final leg of loading led to the failure of the bridge and left a permanent deformation
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exceeding 4 inches. Throughout all tests, loading was applied in increments of"rating trucks".

One rating truck corresponded to a total of 32 Kips (one-tandem axle) on the two loading

blocks.
The destructive test lasted for three days after low-level diagnostic loading cycles were

completed in about a week. The following procedure was followed during a typical test day.

(a) A check of all test-control electronics and instrumentation, warm-up of the hydraulic

pump and oil.

(b) Begin applying identical loads by all the four actuators in multiples of one-half rating
truck-load increments.
(c) Acquire and record the data from all the instruments after the loads reach the

defined increment and while they were held steady by the servo-control system .

(d) While observing real-time responses of the actuators and the load vs load-point
deflection of the bridge, plot additional critical responses of the bridge by hand since the
responses were displayed continuously by the high-speed data-acquisition system.
(e) Every time a pre-determined load level which was deemed critical was reached, data
acquired until that point was transferred to a micro-computer and the global
displacement profiles of the bridge were plotted to check the instruments and bridge

behavior. During this operation the load on the bridge was maintained.

(f) As the operation described in Step (e) took place, underside and topside of the

bridge were visually checked for additional damage. The additional cracking and other
were recorded by both sketching and photography.

(g) A reading is taken before resuming the loading following the completion of steps (e)

and (t).
(h) Reach a decision to continue the test, or how far to continue until next data dump.
(i) Upon reaching the loading goal for the day, perform Data dump and unload in 1
truck increments back to zero. Duplicate all data for safe-keeping and perform post

processing overnight.

G) At the end of testing and removal of all load, the NDE team conducted their tests

on the bridge.

The bridge was loaded 7 different times during the destructive testing. The first test was

conducted on May 13, 1991 and the txidge was loaded up to 2 equivalent trudcs. Four more

tests in the elastic range were conducted in the next week. The last ofwhich was performed
on May 20th during which the bridge was loaded to 4 equivalent trucks, the maximum load

observed to this point. On May 21 the first of the two destructive tests was performed, this

time the bridge was loaded to 20 equivalent rating trucks. The next day the bridge was
loaded to 22 trucks at which point the failure occurred.
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F1GURE 4.3: ORIGINAL WADING CONCEPr



ITEM QUAN11TY DESCRIPTION

1 2 Plate Girder 38' long
-Web 70" x 3/4"

-Flange 18" x 1-1/2"

2 8 Intermediate Stiffener
-3/4" x 8-1/2" x 4'-0"

3 16 Center Stiffener
-3/4" x 8-1/2" x 5'-10"

4 8 Filler Beams
-WI0x68 x 5'-10" long

5 8 Gusset Bracket

6 8 Prestressing Roc'
-5" diameter threaded rod

7 8 Upper Compression Box

S S Lower Compression Box

9 16 Clamping Rods
-5" Diameter Threaded Rod

10 16 5" Threaded Hex Nut

11 8 Cross P•acing
-Angle (." x 6" x 5/8"

12 4 Lateral Support Beams
-W6x25 x 70-3/4" long

13 16 3/4" Connection Plates

14 48 Double Shear Bolts/Washers/Nuts
-Astm A490 1-1/2" x 4" long

15 64 Frame Bolts/Washers/Nuts
-ASTM A-490 1-1/2" x 4" long

16 4 Load Plate (Upper)
-IS" x 18" x 3"

17 28 Lateral Support and Cross Bracing Bolts/Washers/Nuts
-ASTM A325 3/4" x 3" long

IS 8 Support Beam Connection Plate
-Angle 4" x 4" x 3/4" x 5" long

FIGURE 4.4 MATERIALS MST FOR ORIGINAL LOADING CONCEPT
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CHAPTERs: RESULTS OF DESTRUC11VE TESTING

This section wUl examine the behavior of the bridge during the destrUctive testing. Behavior
of the skewed slab bridge. the results of the destructive testiD&. aDd the mechanics of the failure
are discussed. The effects of skew played an important role in the overall bridge behavior.

5.1 BACKGROUND INrO BEllAVlOR OF SKEWED SLAB BRIDGES
Skewed multi-span slab bridges have some unique behavior characteristics. most of which are

not recognized in the current design and evaluation procedures. Studies have shown that the load
padls of these bridges change significantly throu&b limit states. Both experimental and Nonlinear
Finite Element Analysis (NLFEA) results show that the load paths evolve as the loads are
increased. Much of the observed changes in the load paths are the result of the differences
between the natural behavior of the skewed bridge and the alignment of the reinforcing steel.

The first level of bebaviar is the linear state of the bridge which is effectively from the
unloaded condition to first cracking. Throughout this stage. the concrete and steel behave
homogeneously. the resulting composite material can be assumed to be linear, homogeneous and
isoUopic. Durm, this phase. the skewed bridge resists loading in a manner that is consistent with
the skew of the bridge. assuming the stiffness is uniform across the length of the supports. For
example. the moment contours of Figure 5.1 clearly show the tendency for the contours due to
dead load to follow the skew of the bridge. The bridge then tends to carry load through suips
that extend perpendicularly to the abutment and piers as shown in Figure 5.2. The skewed span
length of the bridge is over 4 feet shorter than the longitudinal span length. and since a structure
Daturally desires the path of least resistance. the skewed load pam is nabJn1.

The next level of behavior is from the point of first eractiDI of the slab to the point of tint
yield of the reinforcing steel. The load paths of the bridge evolve towards a 10ngitudiJlal sense.
As the bridge cracks, the structUral steel more strongly affects the bridie, resulting in an
increasing tendency for the load to be carried along mesh directions. Ultimately, as the load
increases, 1he behavior of the skewed bridge begins to resemble the simplified models used in
rating and desip. with the load being carried by longitudinal strips. However. this behavior
OCQII'S after extensive yielding. These stages of behavior explain most of the results seen
in the destructive testing, others are the result of damage or changes in the boundary conditions.

5.1 RESULTS OF DESTIlUCTIVE TEStING
The destructive testing was performed on two days followina serviee-load level tests. The

first day die bridge was loaded up to the equivalent of 20 ratiDa trucks, and OD the second day
the brid,e was loaded to the equivalent of 22 rating trucks at which point failure occurred. The
actUal performance of the test has some effect on the observed load displacement responses;
therefore, it will be useful to review some of the loading history at this point.

The loading during the destructive testing was applied under load-control in 112 equivalent
truck increments, or 16 kips total load per load step. Under normal CODditions. the displacements
were re.t as soon as the load stabilized (about one to two minutes) at the desired level. After



wbich the load would be increased to the next step. At several points, the loading was baited to

mark cracks and check the instrument responses. The points at which the load was baited and the
time duration are given in Table 5.1. Before loadina would start again, a second reading was
made, 10 that creep deflections at the bqinninz and end of the hold are recorded.

Table 5.1 - Bolds in Loadinc

801<1 Load Equiv. Time Notes
Number Trucks (min)

1 Dayl.4 14

2 Day 1.6 12

3 Dayl.8 24

4 Day I • 12 36 First bold where significant creep is observed.

5 Day 1.16 34

6 Dayl@20 2.S Bridge was unloaded after bold.

7 Day2@20 17 First bold of second days testing.

8 Day 2 022 Approx 5 Failure occurred and pump was shut down.
min

5.2.1 Test Monitoring and Data Reduction
During the test, the instrumentation was carefully monitored so that any sudden changes in

the bridge behavior which might indicate failure would be captured. Also, the instruments were
monitored for malfunction. If an instrument would have malfunctioned during the test, the bridge
would have been unloaded and the instrument replaced.

Durin& the conduct of the test, some of the iDstrumeDtation was monitored in real time. One
computer on site displayed the load in each cylinder and, simultaneoUSly, the load deflection
grapb for point D4 (under the loading blocks). Another on-site computer displayed the numerical
output of 32 selected instruments which were slide pots and DCDTs around the loading blocks.

At the end of each day, the data from the global and critical local response instruments was
processed and analyzed. This was done to look for anomalies in the instrumentation and to
compare with analytical data. The data was carefully scanned to find any indication of unusual
bridge behavior or the possible onset of failure mechanisms. Durina the test, DO problems were
experienced with the instruments and noDe of the iDstrumeDt readinp gIVe any indication that a
failure was immineat. The instrument response was also carefully checked to see if any changes
in the loading/unloading sequence were dictated or if any instruments were nearin& Ibe end of
their raDle. All instrument respouses seemed normal and within the range and accuracy of the
instruments.

Reduction of the data was as follows. The data acquisition systems records the data in

5-2



qineering units (inch, pound. strain. etc.) aDd the data can be output as an ASCn file. This
file can then be imported into any standard spreadsheet (Quauro Pro by Borland. Ind. was used)

for further processin& aDd plotting. Processiq of data largely eoDSisted of:
1) At each place where the load was beld, S readin&s were taken. These readings were

avenaed into a single reading.
2) Rotations and distortions were measured by DCDTs. The data system recorded only the

DCDT movemem. For distortioDS. the DCDT movement was divided by the 6· gage lencth
to obtain distonion (strain). Rotations are found by taking the difference between the DeDT
readings and dividing by the distance between them.

5.2.2 Low·J.eyei Testlq
Fipre S.3 shows the load-deftection plots for point 04. directly under the load during low

level tests at the service limit state. The graphs show a slight bilinear behavior for low loads.
However. the magnitude oithe "kink" is below the accuracy ofdle instruments. so the existence
of this bilinearity is questionable. All three tests follow the same line on loading. (Note: on
unloading. the instruments returned to O· (within the accuracy of the instrument). so all three
curves have been started from O· deflection)

The araph of the second and third load tests show a hysteresis. The magnitude of the
hysteresis is about 0.013", which is twice the error level for the slide pot at point 04. Therefore.
this hysteresis is DOt caused solely by the instrument but is at least partially due to energy
dissipation in the structure. Both the second and third load tests follow the same unloading path
and return almost to O· (within instrument accuracy). so for all practical purposes the bridge
showed DO permanent defol1lJatjon. It is DOt likely the energy dissipation in the hysteresis curve
was caused by new crackinB as the bridge was extensively cracked already aDd DO new crackUlg
was noted. It is more likely that the energy was dissipated by friction between the abu1ment and
the slab and by the friction associated with the opening and closing of existing cracks. The low
level testing showed DO new cracking and no signs of any additional distress in the bridge.

5.2.3 Destrudive Testina
Destructive testing beaan the day after the low-level testing was completed (Snl/91). The

brid,e was loaded in 4 kips/cylinder (16 kips total load) increments to a level of 160
kips/cylinder (640 tips total load) and then unloaded in 32 kips/cyliDder (128 kips total load)
increments. Each time the loading was stopped. data was recorded by the da1a system and the
bridae was checked for new cracks. All new cracking was recorded. ThLi test finished late in
the day. so testing for the day was discontinued.

On the final day of testing (Sn2/9'2) the bridge was again loaded in 8 kips/cylinder steps up
to the previous day's load and then by 4 tips/cyliDder increments. However. at load of 175
kip/cylinder (720 kips tota11oad) the bridge failed unexpectedly in shear. The shear failure is
believed to have started with a diagonal crack through the slab Deal' the pier line. This c:nct
prop.ated back a100g the pier line to the center of the brid&e and then turned toward the



lbutment. This failure mcdaanism will be discussed in deW! in later sections. The dowel action
of the reinforciDI bars preveDted total collapse. When the bridge crackod, the prestressing cables
attached to the cyliDders slacked momeotariJy, but this slack was detected by the CODtroI system
which shut down the pump, avoiding total collapse.

5.3 UMIT-8rATES OF BRIDGE RESPONSE
The load~isplacement responses have been extensively studied to determine the limit states

of the response. The definition of limit states used in the eumination of the results is any change
in the characteristics of a response curve that can be directly attributed w a change in the overall
behavior of the bridge. Most of these limit Stales are DOt what would typically be expected, such
as first cractin& and yield. IDstead they generally refer to changes in boundary or load path.
As was mentioned, the behavior of the stewed bridge is DOt typical, therefore limit states outside
of the typical can be determinod. Also, the bridge was extensively damaged and as a result

typical limit Slates such as first cracking have been effectively eliminated. The damage has also
added some unusual limit states.

The limit states that have been determined exist at equivalent truck loads of 7. 9, 12, 17, and
22 as shown on the global respoDSe in Figure 5.4. These are loads at which the bridge is DOled
to have bad a significant change in it characteristics. Most of the limit states show up in a very
localized region of the bridge. This does DOt mean however that these limit states do DOt
eventually affect the whole bridge.

7 Truck Umit State: Between 6 and 7 trucks, some of the instruments began to iDdieate
nonlinearity in the measured response. Up to this point the behavior of all instruments has been
fairly linear, indicating the linear service range of the bridge extendod up to about 7 equivalent
trucks. After this point the load deflection responses lose stiffness. This is not necessarily due
to cracking, although it most likely indicates the point where existing cracks began to widen.

The most significant effect of the 7 truck limit state occurrod at the abutment. The abutment
encompasses a key, discussed in section 2. I, which may provide some frictional resistance. Also,
there were two different details used in the abutment, one for the shoulder regions, and ODe for
the driving lanes. Three gages were used to measure the rotations along the abutment: RTI was
located in the east shoulder region (line 2), RTI was located directly in the center of the driviq
lane (line 6), and RTI was located in the west shoulder region (line 9). At 7 trucks there is a
sudden softening of the rotational response at Rn (Figure 5.5). As shown in Figure 5.5, the
other two rotation gages do DOt indicate any softeninS at this point. The response of RTI is a
typical curve, and what softening was seen can be attributed to natural bridge behavior. RTI did
DOt rotate eoough to achieve accurate measurementS.

It is theorized that up to 7 trucks, the rotational stiffness in the center poRion of the bridle
remainod locked. As the load is increased above 7 trucks this stiffness is slowly released. It
sbouId be DOted that the abutment always maintainod a ,oad amount of rotational fixity as

evideoced by 1I1e larger rotatiODS It the pier ndler 1I1an It 1I1e abutmeot. quite contrary to what
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is typically expected of a pinned connection at the abutment.
Evidence suPportiDa rotatioaal slip exists ill the deflection profiles of several instruments neat

the location of the slip. First note the marked increase in 4eflection rile of insIrument A6
(Fipre 5.6) located just 6 incbes from R.n. 'Ibis increase can be accounted for by the increase
in rotation. it is expected that an instrument that close to the point of origin would be affected
strongly. Other instruments that showed a slight increase in flexibility at this point are
insUuments as. B6. and B7 (Figure 5.6) wbicb develop a fan pattern out from the probable point
of origin of this occurrence.

The effects of this limit state are quite unique. The center region of the bridge was very rigid
with respect to rotation at the abutment wbile significant rotation was allowed to occur in the
shoulder regions of the abutment. This resulted in the load path being forced in the longitudinal
direction clurin& the early stages of loadina. As this stiffness in the center is released. the load
path would begin to move into a more natUl'll position for a SkeWed bridge.

9 Truck Limit State: As the loads were increased above the 7 uuck limit state, 1I1e bridge began
to assume the more natUral load path along the skew. At 9 trucks this path drifted over to the
far side of the pier line wbicb caused a sudden rotational stiffness release in the pier. This
basically stems from a domino effect caused by the release in rotational stiffness at the center of
the abutment.

Specifically. rotation gage RT6 (Figure 5.7), at the intersection of the pier and line 8, is
where the sudden increase in rotation is DOted. lbe other two rotation gages on the pier line do

DOt register any appreciable change in the relative rotatiooal stiffness at this point. However, the
strain Pies SG11, aDd SGIS begin to show increased strains at this point (Fiaure S.8). SGIS
is on the top reinforcement over the pier at the center line of the bridge and SO 11 is also on the
lOp reinforcement over the pier only it is located about 3 feet to the east ofSG1S. What is seen
here is the result ~f a shifting load path that was brought on DOt by intemal characteristics of the
slab but by the changing boundary conditions at the abutment.

11 Truck Limit State: From 7 to 12 trucks the bridge was still affected by the rotational
CODdition of the abutment. It appears that after Ibe bold II 12 trucks the additional rotational
stiffness noted at the center of the abutment was fully released. As I result, from 12 to 17 trueb
the bridge finally begins to behave as would be expected fur this range. That is the slab is
cracking, and the load path is slowly moving towards a longitudioal path. lDcreased crackinI is
observed, as well as a decreased responses from the additional loads in the shoulder regiaas.
This decreased influence in the shoulders is a direct result of the load paths indicated in Figure
5.2.

The fint significant indications in the changed response exist in the )oad~et1ection profiles
of the instruments on the west shoulder that would be outside the load path, in the closed
shoulder (Figure 5.9). All of these instruments indicate a general stiffening in their respoase,
particularly from 12 to about 14 trucks. Instrument AI aetually beliDs to show uplift untillbout
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17 trucks is reacbed (FiiW'e 5.9). Instrument E9 which borden the closed corner does DOt show
any particularly unusual response in this ruge, DO deflectioas were read at ca. Outside the
reaion DO wwsuaI effects are DOted.

The shoulder OD the loaded side of the bridge is effectively pulled down by the interior
deflections of the bridge. Transverse profiles of lines C and F (Figure 5.10) show the results of
the limit state. The point of maximum deflection changes in these profiles as the load is

increased above 12 trucks, IS well as an increased -kink- in the shoulder region. The change
in the poiDt of maximum deflection results from the changing load path. The increased -kink
in the sboulder results from the load being directed away from the shoulder.

As would be expected in this re,ion of behavior, cracking is DOted. Between aand 12
equivaleut trucks, the first additional cracking was DOted, and increased aackin& was marked
from 12 to 16 trucks (Figure S.I1). These figures reveal a developing crack pattern from
coordinate A7 on the abutment to El on the east edge, clearly indicating the nature of the
developing load path.

17 Truck Limit States: A change in the behavior of the bridge is DOted at this load stage,
however it is very difficult to grasp what is occurring. This limit state occurs very close to the
failure which occurred at 22 trucks. It is felt that this corresponds to the first yield in some of
the reinforcing bars that were DOt instrumented.

The limit state bas been placed at 17 trucks largely because this is the point II which the
uplift at point AS suddenly changes and the point be,ias to deflect (Figure 5.9). k appears that
a new limit state was developing from 17 to 21 trucks. It is speculated that as load is Increased
above 17 trucks some of the reinforcing be,an to yield, although DOne of the inst:nuneDted bars
indicated any yielding until 20 equivalent truck loads. The bridge would have had to have
survived loading past 22 trucks in order to verify the exact nature of this developing limit swe.
However, the avlillable information 1ppear5 to be fairly conc1llSive.

On the first day of testing new crackinl that developed from 16 to 20 trucks was marked
(Figure 5.12). The cracking marked on the first day at 20 trucks was localized to the region of
the loadin& blocks, while during the second days test bold at 20 trucks additional cracks were
mapped in the east shoulder region. If the cracks which formed between loads of 8 to 20 trucks
(Figures 5.11 and 5.12) are combined, it can be seen that the new cracks form along a line
roughly perpendicular to the skew. This confirms the shift of load path to a direction parallel
to the skew because if the load path is acting alon, the skew, it is expected that flexural cracks
will form perpendicular to the skew.

n Truck Failure State: At 22 trucks the bridge failed suddealy. The load was beld at this point
for approximatdy 5 minutes prior to failure. It was DOted that the instruments were sbowin,
coDSiderable creep during the hold in addition to loud poppiq DOises. A diaaoaaJ tension
-shear- failure~ed along the pier from the east edge to approximately Jrid line 7, and then
a10Ul line 7 form the pier towards the abutment. A deWIed discussion of the failure
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mechanisms is ,iven in the aext section. This failure was Verj sudden and occurred with little
wamine wbile the load was being maintained. Most likely the bridle would have taken lDOtber
loadiq step if displaeemeau control bad been implemented. However, the nablre of the failure
would certainly have been the same, as the loading system would DOt bave been able to react fast
enough to control the failure mechanism. Also, the bridge likely would not be able to bold its
own dead weight during the development of the failure plane. This is evidenced by the faa that
the loadin, system lost the UJajority of the applied load during failure, as it simply was DOt fast
enough to keep up with the progressing failure. A safety precaution that was built in the system
turned the pressure off at failure.

5." MECHANICS OF FAILURE
5.4.1 Initiation of Failure

lbe first indication of the imminent failure was ,iva by strain glle SG12 Ooc:ated near
point G2). This strain gage was on an exposed bar in the deteriorated shoulder region. At 16
trucks, the gage showed an increase in the rate of strain (Figure 5.13). At 20 trucks, the rate of
strain began to increase significantly. During the final loading sequence, the strain gage indicated
a large increase in strain when the load reached 20 trucks and the bar yielded (yield strains were
experimentally delel'Dlined to be 1700 microstrain). At 21 trucks, the strain dropped, perllaps
indicating a sJ ip in the bar. It is thought that this glge response shows the beginning of failure
in Ibe deteriorated shoulder area.

lbe adjaceot strain gage, number SG 16, also shows a jump in strain swting at 16 trucks,

then &bows a slight hardening respoose near failure. This IlIe, which was at the edge of the
deteriorated area, did not show yielding of the bar. Gages SO 11 and ~G IS (Figure 5.8) show
DO increase in strain after the 20 truck load level. This indicates that the load is bem, shifted
away from this area of the bridge.

At the 20 truck load level, strain gages sa 4 and SG 13 (located between the loadin, blocks)
showed the bottom bars to which they were attached bad yielded. Strain ,a:~ attacbed to other
bottom bars near the loadin, blocks showed that these bars were approadliDI yield. It is believed
that as the bottom steel began to yield, the bar behavior began to domiDate the behavior of the
brid,e slab. Since the bars were parallel to the traffic lanes, it appears that the load pub beaan
to shift back to a direction parallel the traffic lanes.

lbe second shift of the load path from puallel to the skew back to parallel with the traffic
lanes may explain the tina) failure. When the bridge carried load along the skew (after the 7
truck limit swe), the damaged shoulder area was largely excluded from the load pad1 (Figure
5.2). With the second shift of the load pam. the shoulder area near the pier would begin to tate
load for the first time since the 7 truck limit state. This is why there wu a sudden increase in
strains in strain PIes SG 12 and SG 16. Both of these aaaes would have been out of the skewed
load path but in the load path parallel to the traffic lanes. Since the IbouIder area was
considerably weakened by damage, it appears that this area could DOt resist abe load which was
DOW flowiDI to this area.
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The tiDal failure appears to bave begun as I shear failure in the shoulder region. The failure
in the decerionted area theo propacalCld into the souad areas of the slab as a dynamic from. 00
the bottomof the slab. the crack propapted &JOD, the pier line to the ceoterliDe of the brielle and
tbeo propIIlted alolll the centerline to the abubDent aDd the failure lines were virtually sttai&bt.
On the top surface the failure surface was an arc aDd was beavily influenced by the bar cutoffs.

5."~ Pro....Uon or Failure
The propitiation of the failure was affected by the layout of the reinforcement. The failure

otherwise is fairly typi~ as to what would be expected based on the nature of the failure. The
only unusual circ:umstanee in the propagation is its dynamic nature.

From the top the failure Jives a differeot appearance than what IICtUally occurred (Figure
5.14). This was the result of the detailiD& of the reinforciDa steel in the top of the slab near the
pier. Figure S.lS shows the placement of the top reinforcing bars, aDd Fiaures 2.41Dd 2.S give
the details of the bar cut-offs for the top reinforcement over the pier. As shown in the details
of the bar eut-offs they are not cut-off uniformly. In fact the cut-offs are skewed with respect
to the pier. such that the cut-offs on the west side of the brid,e are shorter than on the east side.
Also. three different lengths are used in this region Cfeatina three zones of bar cut~ffs. The
most sipificant of the cut-offs is tho..e of the G and Hoban. or the shorter bars. as these
c:oatributed to the development of the visible failure plane.

Another reinforc:in, detail that was significant was at the bottom of the slab (Fiaure 2.6).
Half of the bottom reinforcement was cut-off prior to reachiD& the abutment. The ocber balf
extelJded from the abutment to approximately 5 feet into the seoond span. This resulted in the
only reinforcemeol along the bottom of the slab at the pier bein. 19 bars spaced It IS inches.
This was insufficient reinforcement to suppress the propaption of the dilllonal teosioD failure It

the bottom of the slab.

Due to the light reinforcemem in the bottom regions of the slab the dynamic impact of the
shear failW'e had little trouble Proplllatin, through the bottom half of the slab. However the 19
bars It 6 iDdaes on center ia the top of Che slab was sufficient to suppress the proplllaOOn of
diqonal teosioD plane through the top layer of the reinforcement. As I result the failure plane
effectively sheared tbroup the bottom balf of the slab. aDd then Ilona the bottom of the top

reinforcemeot until the cutoffs where it was able to reaaa the surface (Fipre 5.1S). AJona the
1000itudiDaJ line • normal shear plane is clearly visible as the transverse reinforcement was very
Ii,ht.

Fiaure S.16 shows the failure plane as it Ippcared It the ed,e and bottom of the bridle. It
is DOted that • the edge the anale of the failure plane is very shallow. In fact. due to Che nalUre
of where 1M top and bottom surface of the failure appeared. the entire plane initially appeared
to be vf/C'! shallow contrary to what would be expected from a shear type failure. However close
scrutiny of the failW'e surface revealed that the actual shear failure plane between the upper and
lower rebIr meshes was IPProximate1y 45 degrees IS would be expected.
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There are two possible reasons for the shallow qle of shear at the edge of the bridge: I) It is

possible that the edge was not where the failure began. The initial puncb through could have
occurred in the damaged region, aDd then the shoulder was effectively ripped through to the edge.
Since the concrete was made up of a series of delaminated horizontal planes it produced a very
shallow angle when it ripped through; 2) Previous researcb (ADd, et. ai, 1993) has shown thai
when there are existiDa flaws in a slab, the punching shear capacity is reduced and the most
critical qle for lIle flaws is 20- to 30". Flaws at these qles may reduce the puncbiog shear
capacity by as much as SO~. Sillce me deteriorated shou1der was damaaed by freeze/thaw
cyclin& and alali-silica reaction, it is reasonable to assume that, althoueb the flaws were
primarily horizontal, some flaws occurred ill the slab at random IIIIles, iDcludina 20" - 30" from
the horizontal. Under the increasing load. the critical flaws in the sboulder began to propagate.
Once started. the cracks propagated dynamically into the sound concrete and caused the final

failure.

5.4.3 Analysis or Failure

Figure 5.17 shows the approximate location ofthe failure plane, as well as shear planes based
on the ACI code. The most important factor to DOte is that the average shear stress on the
perimeter of the failure plane was less than I.(}/rO' It appears that the failure was primarily a
punching shear. This is a common form of failure for bridge slabs under concentrated loads
(Malver. 1992; Fang, 1990). Using the formula for punching shear common to both ACI-318
and the AASHTO Standard Specifications, the punchinc shear capaCity would be 1200 kips. The
actual failure load of 720 kips is 40~ less than the aetuaI capacity. However, the previously
cited research on flawed slabs indicates that the presence of flaws may reduce the Punchinl shear
capacity by as much SO~. Therefore, me marked reduction in me shear capacity is not

surprisinl due to the tremendous damage found in the shoulder area.
The dynamic nature of me failure is also of critical importance. Had the failure been more

static, the failure (fracture) front may bave been arrested by reinforcing bars or agregates,
common static crack arrestinl mechanisms. If the failure front had been arrested, it is possible
that the load may have been redistributed to the undamaged areas and me bridge may have
continued to carry load until anomer failure mechanism fonDed. However, the tremendous
enerl)' release at failure drove the failure front in a dynamic fashion, through or around the
mestins mechanisms into the sound areas of the hridge. On.:e me failure front penetrated the
sound areas, it weakened mese areas. The method of loadine then played an important role in
the failure. The bridge was tested in load control meanin& thai Ihe actuators applied load in
increasm,load incremeDts. Wbeu some capacity was lost due to failure of the deterioraled
sboulder, the actuators continued to apply the same load. Since the total load remained constant
aad the shoulder could not carry any load, the load carried by the sound areas increased. The
combination of the propagation of the dynamic failure front and the increasing stress in the sound
areas was ultimately fatal.
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It is theoretically possible that a different loading method might have resulted in I more stable
failure. Had the bridge been tested using displacement control. the controller would have
monitored the displacement transducer at a chosen point aud tried to vary the load so that the
cbosen point would displace at a uniform rate. If the beeiDnini of failure had caused an increase
in the measured displacement rate at the chosen point. the controller would have reduced the load
to keep the displacement rate constant. This might have resulted in a more stable failure.
However, in practice. it is doubtful that using displacement control would have helped. Unless
the iDstrumeIIl used for displacement control was near the point of failure. it would DOt have
detected the failure in time to prevent the sudden failure from occurring. Since the point where
the tiDal failure occurred was unknown before the test. it is doubtful that a point near the final
failure point would have been chosen for control. Also. the actuators Deeded to Ipply the large
loads required are slow to respond due to the large amount of fluid which must be moved to
apply or remove load. It is therefore doubtful that these large cylinders could have responded
in time to prevent the sudden failure.
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CHAPTER 6: NONDESTKUCl1VE EVALUATION STUDIES

6.1INTRonUCflON

6.1.1 NondestnJctive Evaluation
Recently there has been considerable interest in nondestructive evaluation (NOE) of

constructed facilities for detecting deterioration and damage. In 1987, a National Research

Council Committee (Committee on Infrastructure Innovation, 1987) indicated that the most

effective preservation strategy for the infrastructure is scheduling maintenance at the onset
of deterioration. NDE techniques for detecting the onset of deterioration in structures is
noted as a critical research need.

A National Cooperative Highway Research Program (NCHRP) research statement
entitled "Nondestructive Load Testing and Identification for Bridge Evaluation and Rating"

followed (Friedland, 1987). Following the completion of this research in 1990 (Pinjarkar et
al., 1990) a continuation project was initiated in 1991 (Friedland, 1990). The NCHRP
projects will lead to revisions to AASHTO's Manual of Maintenance Inspection for taking
advantage of appropriate NOE methods in bridge inspection and rating.

A National Science Foundation sponsored workshop on NDE (Agbabian and Masri,
1988) was followed by other conferences (Suprenant et aI., 1992) and a research initiative

(NSF, 1992) by this agency. Meanwhile, a Federal Highway Administration research

program focussing on NDE of bridges has been initiated with emphasis on fraeture-critical
bridges such as the steel-stringer type (Cooper, 1992; McGogney and Nickerson, 1992).

In spite of the attention to NOE of constructed facilities and materials, consensus

definitions for related concepts and terms as well as a classification of the available NOE
methods are lacking. Particularly, a quantitative health eval~tion method for a complete
constructed facility, i.e. a soil-foundation-strucwre system d~not exist.

A classification of NDE methods for bridges has been offer~by Pinjarltar et al. (1990).

This did not include a number of powerful strategies and techniques whic;h may be exported

from other engineering disciplines such as system-identification, tlenbility-monitoring (refer
to Hogue et al., 1991, for definitions and literature survey), and, modal testing (refer to
Ragbavendrachar and Aktan, 1992, for definitions and literatut ," :.urvey).

6.1.2 Objectives and SCope
The first objective of this section of the report is to propose a classification of NDE

methodologies for constructed facilities and suggest definitions for related concepts. The

second objective is to describe a quantitative NDE methodology, addressing both the global

health and the local conditions of a constructed facility. The key structural index in the

NDE methodology is bridge tlenbility with a sufficiently fine spatial resolution. A measure
of this is obtained experimentally by modal-testing. A finite-element model of the complete
structure is then cahbrated through system-identification. The measured flenbility is used
as a baseline structural signature for diagnosing future deterioration and damage, while the



finite-element model is used for rating. In the case of first·time application to an aged
facility, damage may be diagnosed by interpreting irrationalities and anomalies in the
measured flexIbility.

Application of the critical steps of this NnE method to the slab bridge in the context
of proof-of-concept testing is described next. The test bridge was first used to demonstrate
an application of the method when there is no available baseline. It was possible to diagnose
extensive concrete deterioration from above an asphalt overlay. The NOE method was
subsequently applied before and in the course of the destructive test program, and was able
to successfully diagnose overload-induced damage while even experienced bridge engineers
failed to diagnose the damage.

6.Z METHODS AVAILABLE FOR. BRIDGE NnE
6.Z.1 Features Deslred In • Bridge NnE Metbod

While there may be multiple expectations from .1 bridge NDE method, a desired

outcome would be quantifying the existing global and local structural conditions in terms of
rational engineering indices that relate to bridge reliahility. Bridge reliability has been
defined as the probability that structural capacities will exceed or equal the corresponding
demands during the remaining service life and given the existing condition (Imbsen et al.,
1987; Moses and Verma, 1987). Presently, highway officials express and monitor bridge

conditions in terms of a subjective scale based on visual inspections. NDE should transform
this practice to an experiment-based objective one. This would be possible by first
understanding and then quantifying the current state ofstructural characteristics that directly

relate to structural reliability (e.g. critical global and local flexibility coefficients, localized

distortions and strains, spalls, crack distn"bution and widths, initiation of fracture. etc.). Then
these indices may be monitored intermittently or continuously by NOE tools.

The expected values of local capacities and demanch are compared at the critical regions

for bridge rating. Therefore, a desirable bridge NDE process should provide sufficient

quantitative information about a bridge so that the critical local capacities may be
confidently established based on the existing state. Finally, the NDE process should
facilitate a reliable analytical characterization of a bridge for translating the dead load,

traffic load and other intrinsic demands to the local demands at the critical regions.

6.U Clusi&ation 01 Exist... Bridge NDE Methods
Classification of existing bridge NOE methods are presented in Figure 6.1, first

classifying into system.identification vs. non-system identification approaches. Methods

based on system-identification correlate experimental results with analyticalJ:y simulated
counterparts (Hart and Yao, 1977; Natke and Yao, 1988). Therefore, a mathematical

idealization of the structure is needed for a system-identification approach. Approaches that

are not based on system·identification are typicaUy based on correlating mechanical
characteristics of structures, elements or materials to a measured global or local response

6-2



empirically. System-identification approaches may be classified based on the form of the

mathematical model that characterizes the structure. The "modal identification" category
incorporates techniques that are based on measuring the dynamic characteristics such as

frequency, damping and mode-shapes followed by a comparison of these properties to their
nominal counterparts for diagnosing damage (Flesch and Kembichler, 1988). The "numerical
identification" category aims at estimating the numerical values of structural parameters
such as stiffness coefficients from measured responses, and using these as a basis for
diagnosing damage (Agbabian et al., 1987; Chen and Garba, 1987; Shinozuka et aI., 1982).
The category termed "geometric identifIcation" aims at developing and quantifying the
physical parameters of an analytical model of the structure in the geometric space, ie. finite
element models (Ibanez, 1972; Ibrahim, 1988; Aletan et al., 1992; Hogue et al., 1991;
Raghavendrachar and Aktan, 1992). Since the latter category leads to a ca.hbrated analytical
model of the structUre in the geometric space, it promises all the features of a desirable

NDE method as discussed earlier.
Non-system identifIcation based NDE methods may be classified as either global or

local, depending on whether a global or local index is measured. For example, the presently
used visual method aims at assigning condition indices to different components of a bridge
and an overall condition index for the complete bridge.

Proof-load tests aim at loading a bridge with the full level of maximum expected live
load and qualitatively determining safe performance. The limitations of NnE based on
visual inspection or a proof-load testing have been well established. Truck-load tests (Balcht
and Jeager, 1990; Novak and Tharmabala, 1988; Shultz et aI., 1992; Shahawy, 1992) have

extended proof-testing by measuring bridge responses corresponding to known truck loads

and taking these as a basis for NDE.
Dynamic signature analysis pertains to measuring and monitoring frequency and mode

shape characteristics of a bridge for correhtmg to damage and deterioration (Salane et al.,

1971; Mazurek and DeWolf, 1990; Hearn and Testa, 1991).

The local probing category contains techniques for measuring localized characteristics
of a bridge such as member dimensions, reinforcement detailing. mechanical characteristics

of the materials or defects such as scour, cracks, delamination, voids, etc. While local probes
cannot lead to a defInitive evaluation of the overall structural integrity, quantitativ~ probes

such as those leading to in-situ characterization of material properties or sampling and
destructive testing of materials serve as an essential complement to any global NDE method
(Strength EValuation, 1991).

Most of the recent research and development efforts for NDE have focussed on

qualitative local probes (Agbabian and Masri. 1988; Suprenant et aI.. 1992). These aim at
locating defects such as voids and delamination hidden in concrete, Daws in weld or cracks

and fracture in steel. Most local probes have been based on applying a nondestructive wave
such as by impact, sound, heat, light, magnet, x-ray, etc. into a member and measuring the

resulting output at another location of the element. Typically, changes in the characteristics

6-3



of the input tn output from one location to another are empirically cahbrated for detecting
defects.

6.2.3 Proposed NDE Procedure
The methoJ is outlined in Table 6.1 and is based on a combination of geometric system

identification and quantitative global NDE in conjunction with local NOE probes. It is
designed for application to special, important and/or historic bridges in a facility-specific
manner, or to a representative samples of recurring bridge types. An initial application by
a specialized team would pave the way for practical intermittent monitoring by bridge
engineers during routine inspections.

The initial implementation of the method leads to a comprehensive geometric system

identification as outlined on the left-hanrl-'lide column of Table 6.1. As shown on the right
hand-side column, the experimentally measured characteristics of a bridge in the course of

the system-identification effort are used for reliably and quantitatively establishing the
existing state of the structure. Conditions at the critical regions are quantitatively evaluated

at the local level. Once a finite-element model of the subject structure is identified, this
becomes a vehicle for evaluating structural reliability. The calibrated model also serves to
identify the structural responses and indices tbat need to be monitored for evaluating

reliability as discussed in the foOowing.

6.3 APPUCATION OF NDE TO TIlE BATAVIA BRIDGE
6.3.1 Overview of the Nondestructive Test Progrua

A total of four modal tests were performed before, during and after the destructive tests,

as shown in Figure 6.2, to provide information at several stages of damage to the bridge.
In the nondestructive test part, truck load tests were conducted to measure static deflections

under known loads. These truck load tests as weD as the first modal test were conducted

with the aspbalt overlay still present. At the time of these tests. the servo-loading system

had not been installed yet and the bridge was open to traffic. The second modal test was

performed with the asphalt overlay removed and loading blocks and hydraulic cylinders

installed but before any load was applied. The results of this test serve as a baseline for

comparison with the third and fourth tests. The third modal test was done after the bridge
was loaded to twenty equivalent rating truck loads by the hydraulic cylinders and released.
Finally, the fourth test was conducted after the bridge was loaded to twenty~two equivalent
rating truck loads and failed.

0.2 Des. of the Modal Tests
Multi-reference impact testing was chosen as the testing method, since past

experience has proven this technique to be effective and reliable for structural identification

of large structures (Halvorsen and Brown, 19n; Raghavendrachar and Aktan, 1992). It is
a known fact that impact testing may not be as suitable as random excitation when nonlinear
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structures are concerned. However, due to its versatility, ease and quickness of application
it is perhaps the most suitable testing method for bridges and other similar strueturC$.
Moreover, recent advances in multi-reference parameter estimation algorithms have helped
to rationally linearize the bridge by utilizing the data from all the references simultaneously.

Impact tests done on a similar reinforced concrete slab highway bridge have shown that
a hand-held instrumented sledgehammer is adequate in exciting the lower modC$ of the
structure (Raghavendrachar, 1991). Of course the number of modes desired depends upon
where and how the results will be used. To identify the global dynamic characteristics of the
structure, the first few modes are usually adequate. To identify local response mechanisms,
however, higher modes are necessary. One of the goals of this present research was to
detect damage on the bridge by looking at the tlexibility matrix derived from the measured
modes. Since the number of modes included in the calculation of this tlexibility matrix
determines its accuracy to represent the real state of the structure, obtaining as many modes
as possible was desired. For this purpose, the advantages of multi-reference testing was
utilized to its fullest by placing twelve reference accelerometers on various locations on the
bridge. One of the discerning characteristics of the test structure was its skew supports,
namely, its abutments and piers. The test grid was chosen to be parallel to these supports
resulting in parallelogram segments. which was also compatible with the finite element
model. Two different grids were used for the four tests: the first grid was used for the first
test and is shown in Figure 6.3(a). the second grid, shown in Figure 6.3(b), was used for the
modal tests two through four. An attribute of both grids is that the mC$h is denser in the
first span (left span). Since this was the span that was loaded, a more detailed observation
of this span was desired. Having a denser grid helps to capture more of the local modes of
that area.

Using as many as twelve references in impact testing may seem too many. However, in
the testing of large scale structures, low signal-to-noise ratio becomes important. Due to
the size of the structure, exciting the higher modC$ became a problem consequently reducing
the signal-ta-noise ratio. Therefore, selecting the reference that contained the least
contaminated signal from an excited mode was essential in the parameter estimation stage
for obtaining accurate modal parameters. Having a large number of reference instruments
increased the chances of capturing high modal amplitude response locations thereby
boosting the signal level in the data.

Choosing the locations of the reference transducers is an important step in obtaining
successful data in any test. In order to place the transducers, the preliminary analytical
model was \...00. The locations were chosen by selecting the maximum amplitude locations
of the analytical mode shapes.

6.3.3 Data Acquisition

For measuring the response of the bridge, PCB 393C type high sensitivity seismic
accelerometers were used. These instruments have a nominal sensitivity of 1 V/ It amplitude



range of ±2.5 g (with 0.0001 g resolution) and a frequency range of 0.025 to 800 Hz (with
:15% error). The accelerometers were calibrated using the gravimetric free-fall method. The
GenRad 2515 data acquisition system was used to capture and store the data. The excitation

was provided by a PCB 086B50 l2-pound hand held impact hammer instrumented with a
load cell. The hammer was calibrated using the ratio metbod, performed by striking a large
body of known mass with the hammer and measuring the response of the mass with an
accelerometer of known sensitivity. Two twelve channel PCB 483 B17 adjustable gain

amplifiers were used to supply current to the hammer and accelerometers. The signals from
the accelerometers were amplified ten times. Power to the data acquisition system was
provided by a generator.

The frequency range of measurement was chosen to be from 0 to 64 Hz, which resulted

in a fIXed frequency resolution of 0.125 Hz. Preliminary analytical studies showed that a
sufficient number of modes were located in this frequency range. Moreover, these modes

were very closely spaced and hence needed a fine frequency resolution. Due to the nature
of the data acquisition system, opting for a frequency range of 0 to 128 Hz would have

decreased the frequency resolution to 0.250 Hz. In fact, this higher frequency range was
explored prior to the actual test and it was observed that modes above 64 Hz were not
clearly defined due to a lack of adequate excitation.

A force window on the force channel and a 10th order exponential decay window on the
respons, ~hannel were used. The order of the exponential window was chosen so that the
response of the bridge completely decayed in the time window. The data acquisition system

automatically set the anti.aliasing filters at 80 Hz. No additional filters were used during
the tests. Data from each point was averaged five times for all the tests. For the first test

when the bridge was still open to traffic, no vehicles were allowed on the bridge during data

acquisition. The 64 Hz frequency range translated to an eight second time window for each
average. so together with the autoranging hit the approximate time needed for each point
was 48 seconds. The number of points hit in the first test was 97; for the latter two tests
the number was 119.

Averaging is necessary to reduce the random noise error so the higher the number of

impacts per station, the better the results should look. However, it was observed that
increasing the number of averages beyond fIve did not signiftcantly improve the data and

it considerably increased the data acquisition time. Therefore, a compromise between data
quality and data acquisition time was attained with the five averages.

Some of the settings of the GenRad system are given in Table 6.2. Table 6.3, on the
other hand, gives an idea of the time and labor requirements for the impact tests performed

on this bridge.

6.3A Data Post·Processing
For parameter estimation of the test data, UC-Modal. a Unix operating S)'Stem based

software developed by the Structural Dynamics Research Lab of the University of

6-7



Parameter Comments

Trigger Type: 1 Data acquisition is triggered

off the first channel

Trigger Level: 5 Min input force level for

triggering I: 5% of total range

Trigger Delay: -5 Delay of 5 time samples in data

acquisition

Weighting Code: -10 Power of the exponential decay

window used on the response

Ensemble Size: 5 Number of averaged data

Maximum Frequency: 64 Results in a frequency

resolution of 0.125 Hz

Overlap Factor: 0 Averages were not overlapped

Reference Count: 1 Number of force channels

ReslJOnse Count 12 Number of response channels

Table 6.2 • Data Acquisition settings



Job # of People Approximate Time

Marking/preparing the 3 2-3 hours

bridge

Impact test equipment 3 1-2 hours

setup

Impact testing 3 For 120 hit points:

6-8 hrs w/ light or no traffic

8-10 hrs w/ heavier traffic

Packing up 3 1 hour

Table 6.3 • Typical nme and Labor Requirements Cor an Impact Test on
a Highway Bridge
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Cincinnat~ was used. Detailed descriptions and in-depth mathematical backgrounds of the
algorithms can be found in the literature (Allemang and Brown, 1987).

Several parameter estimation algorithms were used for estimating the modes. Among

these., Complex Mode Indicator Function (CMIf) (Shih et al., 1989) was used as a "pre

processor" algorithm to establish the number and location of the modes. CMIF also helped
to separating tne closely spaced modes easily and by indicating the number of modes present
in a frequency span, assisted in determining the modal order used in tne more sophisticated
Polyreference Time Domain algorithm. The Polyreference Time Domain (PTD) method was
then used to estimate the frequencies and damping.

The modes obtained from the testing of the bridge can be classified in four different
categories:

i) Global modes in which all three spans of the bridge move,

ii) Local modes of the left span where the majority of the action observed takes place

in the left span of the bridge,
iii) Similar to above, local modes of the mid span,
iv) And finally, local modes of the right span.
In order to obtain accurate modal vector estimates of the local modes, the reference that

was best excited by the mode being estimated was used. As a first step however, parameter
estimation was pel formed using all references to determine the complete set of mode shapes

as best as possible. Afterwards, parameter estimation was concentrated on individual spans
with the purpose of Obtaining the best estimates of the modal vectors using only selected
references. Global modes were captured by most of the references and in addition to that,
since they were located at lower frequencies they were excited better than the higher
frequency local modes. Parameter estimation in the frequency range of 3.75 Hz to 35.625

Hz was quite satisfactory. The reason for this was because all the global modes lay in this
frequency span and all the modes were well defined in the FRFs. However, for the modes

between 28.125 Hz and 60 Hz the curve fitting results looked poor. Also, when it came to

calculating the mode shapes and looking at the modal participation factors, no single
reference captured all the modes reasonably well. No single reference had enough
participation in all the modes and consequently some errors in the modal vector estimation
was inevitable. Therefore, the use of selective references to estimate the modal vectors was

essential to obtain accurate modal estimates and hence good curve fitting. Substantial
improvement was observed in the correlation between the measured and fitted FRFs when
selective reference method was used, and the correlation was almost always above 90
percent. More detailed information can be found in Toksoy, 1992.

6.3.5 Results of tbe Modal Tests
The frequencies and damping values found from the four modal tests are given in Table

6.4 and the mode shapes are given in Figures 6.4 through 6.7. From the first test, twenty

modes were found. From tests two and three, nineteen modes, and from test four, fifteen
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MODE TEST 1 TEST 2 TEST 3 TEST 4
1/

f(Hz) C(%) f(Hz) C(%) f(Hz) C{%) f(Hz) C(%)

1 8.445 2.475 8.757 1.805 8.631 2.166 8.573 1.705

2 10.70 2.414 11.11 1.868 10.97 2.090 10.78 1.906

3 13.18 4.596 13.37 4.507 12.70 4.257 13.22 3.179

4 13.47 3.277 13.89 2.627 13.90 2.734 - -
5 15.11 2.669 15.47 3.032 14.88 3.574 15.99 3.284

6 15.43 2.891 15.91 1.924 15.83 1.884 15.81 1.912

7 20.01 2.094 20.44 1.276 20.20 1.363 19.98 1.285

8 22.96 2.583 23.26 2.975 22.29 3.503 - -
9 23.47 3.727 23.41 1.651 23.41 1.736 23.36 1.764

10 26.42 2.388 27.30 2.051 26.87 2.143 26.37 2.329

11 29.41 1.913 30.23 1.519 29.90 1.635 29.63 2.078

12 33.31 2.323 - - - - - -
13 37.94 5.137 37.15 2.987 34.98 3.213 - -
14 38.57 4.208 37.71 2.398 37.45 2.594 37.28 2.957

15 42.33 1.871 43.21 1.536 42.53 1.617 42.49 1.668

16 45.27 2.108 - - - - - -
17 46.08 1.735 47.14 1.955 46.69 2.037 46.39 1.981

18 50.38 3.097 - - - - - -
19 - - 49.11 3.814 51.43 3.153 - -
20 - - 51.40 4.393 51.62 3.438 50.81 3.618

21 54.41 2.906 55.18 4.408 53.63 3.536 52.04 5.523

22 56.93 4.444 55.58 2.720 55.54 2.583 55.35 2.510

Table 6.4 • Frequency and Damping Values for tbe Four Modal Tests
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modes were found. The reason for the difference in the modes captured by the first and
the later two tests is due to the change in the grid and locations of the reference
transducers. Furthermore, four of the modes of the first span, seen in the results of the
second and third tests, were not captured in the fourth test because of the failure in the first

span.
The comparison of the frequencies and damping values of the first and second tests

reveals some important findings on the effect of asphalt overlay on the dynamic behavior
of the bridge. As can be seen from Table 6.4, after the asphalt overlay was removed, in
general, the frequencies increased 2-3 percent and the damping factors increased 24 percent
on the average. It should be noted that due to the noise in the data combined with the
close modal coupling of the end span modes, the frequency and especially damping
estimates for these modes are not as reliable as for the global and mid span modes.

The third and fourth test results reflect the state of the bridge after different levels of

controlled load was applied. The results of these tests are discussed in the following section.

6.3.6 DerivatioD or the Flexibility CoeIIkients From tile M..... Test Results
In this section the derivation and use of the modal flexibility matrix in damage

evaluation will be explained. flexibility is a conceptual tool because the columns of the
matrix themselves are identical to deflections due to a unit load at the location equal to the

column index.
From here on, the term wmodal fleX1bility" will refer to the flexibility matrix obtained

from post processing of the modal test results. The term wanalytical fleXIbili~, on the other
hand, will refer to the flenbility matrix obtained from the mathematical manipulation of the

modal vectors obtained from the FE model. Finally, the term Wexact flenbility" will refer to
the inverse of the stiffness matrix developed in the FE model. The difference between

analytical flexibility and exact flexibility is that analytical flexibility is derived from mass

normalized modal vectors found from an eigenvalue analysis of the FEM. Analytical
flexibility matrix may be calculated using any number of modes. However, as the number

of modes grows larger, the analytical flexibility approaches the exact fleXIbility and in the

limit becomes identical to the exact t1eXlbility.
The mathematical formulation of the modal and analytical tlenbility matrices is given

below:

Where,

[F] "" modal flexIbility matrix.
[tl "" unit-mass scaled modal vectors
[1/ClJll .. diagonal matrix of ascending natural frequencies.

The mathematical derivation of the flexibility matrix and the procedure for obtaining
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unit-mass scaled modal vectors can be found in Ragbavendrachar, 1991; and Tolcsoy, 1992.
In this research, the flenbility matrix of the structure is chosen as the most important

damage evaluation tooL The justification for using flenDility matrix to extract information
about the present state of the structure is based on the following: This matrix is a signature
of the structure and since it is derived from the results of a detailed modal test, it contains

information about the dynamic behavior of the structure in a fonn that conveniently yields

itself to visual and quantitative analysis. If damage exists on the bridge, it will affect the
dynamic characteristics which are measured by modal testing. Of course, tbese changes in
the dynamic characteristics of the bridge will be reflected in the natural frequencies and
damping factors. However, obtaining information about the location of the incurred damage
is hardly possible from observing shifts in frequencies and damping. Flexibility on the other
band, goes one step further in reflecting the possible place of the damage or deterioration
in the deflection profiles. Flenoility matrix is the transition point between the modal space

defined by the modal parameters (frequencies, damping. mode shapes) and the pbysical
space defined by deflection profiles. Figure 6.8 demonstrates the 3-D deflection pattern

produced by loading the flexibility matrix obtained from the results of the second modal test.
It sbould be emphasized that the modal flexibility matrix is not the exact flenbility

matrix of the structure since it contains the contributions of only a limited number of modes.
The exact flexibility matrix would be obtained in the limit only. However, the first ten to

twenty modes are usually adequate to define the overall behavior of a structure. The
number of modes necessary to accurately represent the structure in terms of its flexibility
is highly dependent on the structure and the location and nature of the loading. The
convergence of the modal flexibility coefficients to their exact values depends on the location
because at different locations on the structure, the effects of cenain modes are higher than
others. Whereas global modes determine only the general trend of the fleXIbility profiles,

local modes help to define the complex shape of the deflections. Therefore, the more local

modes are captured during the modal test, the better the convergence of the fleDoility

coefficients. The loading configuration, whether it is a point, patcb or a line load, has an

effect on the convergence of the flexibility coefficients because with different loading
configurations, different elements in the flexibility matrix are included.

In the case of the present test, enough local modes of the bridge were captured to define

the local behavior of the bridge. The convergence of the flenbility coefficients was slightly
bener in the middle span compared to the end spans because more local modes were

captured in the middle span. Figure 6.9 shows the effect of using different Dumber of
modes in the flcaoility matrix calculation. The deflection profiles were obtained from the

analytical model by applying unit loads on the first and middle spans. The deflection

profiles in Figure 6.9(a) show the difference between 30 modes and exact flexibility to be

a maximum of 10%. The difference between 18 modes and exact. flelrlbility is approximately
19% maximum. This indicates that there are some important local modes of the end span
between mode number 18 and 30 that contribute to the flexibility. On the other hand,
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Figure 6.9(b) indicates that fleXibility due to 18 and 30 modes, due to the unit load on the
middle span, is almost identical. Since obtaining 30 modes from such a structure is virtually
imposslole, the figure shows that 18 modes is about the best one can do for the flexIbility

convergence of the middle span. The maximum. difference between 18 mode flexibility and
enct flelUbility is 7% which is far better than the convergence obtained in the end span.

6.3.7 Verification or the Modal Flexibility by Truck Load Testinl
Before the removal of the asphalt overlay and before the extent of the damage to the

top of the deck was fully known. a series of truck load tests were conducted. These tests
had four main goals: 1) To verify instrument performance; 2) To determine the suitability

of truck load testing as a method of NOE; 3) To provide an independent verification of the

modal fleXibility; 4) To provide independent verification of the linear elastic finite element
model. As was noted in Chapter 4. it was possible to verify the instrument performance
during the truck load test. The founh goal, to provide independent verification of the linear

FE model is discusses in great detail in Chapter 8. Because most of the truck load test

details are covered in Chapter 8, only a few relevant points are discussed here.
The instrumentation for the truck load test was an abbreviated form of the destructive

load test instrumentation plan (see Figure 4.15). Because the deflections under truck load
were expected to small, the more accurate but shorter range DCDTs were used. These

instruments were accurate to :1:0.001-.
Combinations of one to three trucks were placed were placed on the bridge in six

different configurations (see Chapter 8, Figure 8.3 for all positions). Figures 6.12(a) and
(b) show the results of two of these tests. The three lines shown in the deflection diagrams

are the measured truck load deflections (truck test). the analytical deflections generated by
the modal tests (modal tests) and the results of the linear finite element model (computer)

which is discussed in Chapter 8. The longitudinal cross section in Figures 6.12(a) and (b)
are the instruments along line -3- in Figure 4.15 and the transverse cross section refers to

instrument line -D- in Figure 4.15.
When the single truclc is used, the three deflection lines are similar for all three method.

Note that in this case the truck is positioned over the sound traffic lane concrete. However,
when three trucks are used, thus positioning loads over the damaged shoulder regions. there

is a larger difference between the thrae methods, especially in the transverse cross section
of Figure 6.12(b). The difference between the truclc test and the modal test will be
discussed in the foRowing sections. The difference between the FE model and the truck
tests shows two important points: 1) The difference between the truck deflections and FE
model shows that damage has made the bridge more flexible (a more complete treatment
of this subject is in Chapter 8); 2) The damage is only apparent when the trucks are placed

so that the damaged areas are mobilized for carrying load. Note that this second point is
most important. In order to completely map damage on the bridge, a large number of truck

positions are needed since damage can only be seen when the truck loads mobilize that area.
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The need for a large number of different truck positions make the already cumbersome
truck load testing more difficult and there is no way to assure that all possible damaged
points are mobilized.

To verify the modal tests, load corresponding to the tire weight were placed on the
modal analysis grid. Since the tire load rarely fell directly on a node, the tire loads were
distributed to the surrounding nodes by linear approximation. Using the generated modal
fiexibility matrix, the predicted defiection profiles shown in Figures 6.12 a and b were
generated.

The maximum difference observed between the truck load and modal test results is
summarized in Table 65.

TRUCKLOAD PERCENT DIFFERENCE (MAX)
CONFIGURATION

LONGITUDINAL TRANSVERSE

1 TRUCK 11% 25%

3 TRUCKS 18 % 24 %

Table 6.S - Comparison of the Truck. Load Test DeIlections With Modal Test Fluibility

The difference in the transverse direction is greater because this cross-section

corresponds to the maximum deflection values and the convergence of the fleXIbility
coefficients for the modal test is poor in the end span especially at the maximum deflection
point (see Figure 6.9). The difference between modal test and truck load test in the

transverse cross-section for the case of three trucks is more or less unifonn and about 25%.

This is because all the flm"ility coefficients along the transverse cross-section are being
activated by the line loading pattern of the side-by-side trucks. Therefore, the convergence
problem mentioned above holds for all the coefficients along this loaded line producing a

consistent difference between the two profiles in the transverse direction.

Perhaps the most important observation from this study is: unlike the rational analytical
model, the truck load and modal test deflection profiles are parallel, indicating that modal

lest identified the actual response pattern of the bridge due to a given loading. The

immediate consequence of this observation is in the area of damage detection. Looking at
the transverse deflection profile in Figure 6.10(b) reveals that whereas the analytical model
shows a more stiff shoulder along the east edge of the bridge, both truck load and modal
test results clearly indicate a lack of stiffness in this region. This deviation from the rational

analytical behavior of the bridge indicated by both the truck load and modal test results,

points to the presence of structural damage. The concept of damage detection using the
results of the modal tests will be presented in detail in the following sections.
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Truck load testing, which is a commonly used method in the rating of bridges, in general

provides very sparse deflection information on account of being extremely hard to
implement in numerous configurations on all the spans of a bridge. The above observations
show the power of modal testing in predicting the actual responses of the bridge accurately
and its being a potential replacement for the truck load tests. In fact, studies on other
different types of highway bridges have shown that, especially for less deteriorated bridges,
the results of the modal tests correlate very weD with the truck load tests performed on the

same bridge (Raghavendrachar and Aktan, 1992). One shortcoming of modal testing is the

high level of expertise needed to perform the test and post-process its results to obtain

modal parameters and consequently the modal flexibility. However, until sophisticated
deflection measuring technologies such as laser holography enter the area of bridge
engineering, modal testing may very well be a substitute or a complementary tool for truck
load testing.

6.3.8 Finite Element Modeling
Two different finite element models were developed for damage evaluation and

simulation purposes. The first one of these models was developed to represent the state of

the bridge at the time of the first modal test. The second FE Model, on the other hand, was
developed to model the state of the bridge at the time of the second modal test when the
asphalt overlay had been removed and the loading blocks placed.

As mentiohed earlier, the analytical model is developed for damage evaluation purposes
as well as for the initial design of the modal test. The scope of this section will be to give

a brief overview about the two analytical models, their calibration procedure and their
utilization in the damage evaluation studies; more detailed information may be found in
Zwick, 1992.

The Nominal Finite Element Model: First an a-priori model was developed. This model
represented the bridge based on design dimensions, nominal material properties and simple
boundary conditions. Figure 6.11 shows the mesh and the dimensions of this model; Figure

6.12 shows the abutment and pier details and gives the modeling parameters. The calibration

of the nominal model was performed after obtaining the results of the first modal test. The
calibration procedure was based on matching the frequencies and mode shapes of the FEM,
as well as possible, with those of the modal model and hence the cahbration was done in the

modal space. In the process, boundaIy conditions and regional deck thicknesses were

modified. The nominal model's parameters were cahbrated by first getting the mode shapes

in order, and then using a least squares approach to minimize the error between the
experimental and analytical frequencies using the equation on the nm page:
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Where,

fE =experimental frequency

fA = analytical frequency at a given mode.

The least squares error (LSE) for the nominal model was calcu1ated as 3.66 Hz. M a result
of cal.tbration, this value dropped down to 1.84 and the percentage of error for any of the

fIrst twelve modes was found to be below 5%. The abutment and pier modeling details and
model parameters of the cal.tbrated model are given in Figure 6.13. The thickness of the
shell elements along the shoulders were reduced slightly to match the visible deterioration.
Figures 6.14(a) through 6.14(d) show the comparison between the analytical and

experimental mode shapes and frequencies. Observing the experimental end span mode

shapes (e.g. modes 5,6,8,9), it is seen that most modes appear in sets of two with only one
end moving significantly in each end span mode. In the corresponding analytical mode
shapes however, it is seen that, rather than a single end moving, both ends exhibit motion,
either in phase or out of phase with each other. This is attnbuted to the symmetries of the

analytical model. These symmetries however do not necessarily exist in real life due to
imperfections. Nevertheless, the analytical and experimental mode shapes and frequencies
show a good correlation.

Second Finite Element Model: The second fInite element model was developed to account

for the changes that the bridge underwent after the first modal test. These changes were:
The removal of the asphalt overlay, installation of the two loading blocks and a new modal
test grid. Since the overlay was not expected to contribute to the overall stiffness of the

bridge, the removal of the asphalt overlay was accounted for by decreasing the mass of the

bridge. The additional mass due to the loading blocks and cylinders was incorporated into
the model by smearing the mass of these blocks onto the nearby elements. The mesh

chosen for the new FEM was slightly different from the previous one and it was designed

to match the modal test grid at the node points. This task was achieved by subdividing the

modal test mesh. thus allowing the bridge responses to be determined at the same locations
from both the modal Oexibility and the FEM due to any load condition. The fmite element

mesh for the second model is shown in Figure 6.15.

With the experience gained from the cal.tbration of the first analytical modeL it was
decided to perform a more detailed cabbration on the second model in the Oexability space
following the modal space.

The first step in the cahbration was to get the modes in order and reduce the least

squares error in the frequencies, similar to the method used in the first model. After

achieving a reasonable globally calibrated modeJ. the next step was to compare Oexabilities.
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This was done by uniformly loading (unit load at every common point) the flexibility
matrices obtained from both the analytical and modal models and comparing the deflection

values of each corresponding point. The reason behind using uniform loading as opposed
to any other type of loading was to utilize the information from all the columns of the
fleXIbility matrix at the same time.

As it was mentioned earlier, the modal flexibility matrix is only an approximation to the
exact fleXIbility matrix due to truncation. Therefore, it is best to calculate tleXlbility matrices

of both models, analytical and modal, by including only the modal vectors common to both
models. Therefore a method was developed which enabled the comparison of ~corrected~

modal flexibility coefficients with exact flexibility from the analytical model. Correcting the

modal fleXlbility was achieved by finding a correction factor that would account for the
missing modes and multiplying the modal fleXIbility by this factor. This was done by
calculating the exact deflections at each node due to uniform load on the bridge and dividing
them by the deflections found from the incomplete analytical flexibility matrix. In this case,
19 modes that corresponded to the modal test results were used to calculate the correction

factor (CF):

CF(N) := DEXACT• N

Dl«JDES.N

Where,

N =point number on the test grid
DEXAcr.N = exact deflection at point N due to uniform loading of FE model;
DNODES,N = deflection at point N due to the uniform loading of the analytical flexi'bility
calculated using limited number of modes.

The resultant deflections from this corrected flexibility, due to different loading patterns,

served to identify the boundary conditions as well as the regional effective deck thicknesses
of the bridge. The comparison of the exact analytical fled>ility and corrected flexibility

clearly showed that the deck thickness had to be reduced. Accordingly, the thickness was
reduced from the desip value of 17.25" to 1650~. It was discovered that the value of the

vertical spring stiffness at the abutments and piers had a great effect on the deflection
profiles. Further adjustments brought the thickness of the end spans down to 15.50~. Also,
a region over the east section of the north pier was found to have lost some of its strUCtural

continuity. This section was modeled with an extra row of 9 inch wide shell elements. The
thickness of the elements closer to the east shoulder over the pier was reduced to simulate
the loss of continuity. The notable conclusion from the local calibration of the model was
that the deteriorated shoulders had little effect on the structural integrity of the bridge. In
no part of the local cahbration was the shoulder deck. thiclcness needed to be reduced. The

inability of the procedure to identify the deterioration along the shoulders is attributed to
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the low levels of excitation in the impact testing and the stiffness retained by the shoulders

in spite of deterioration. The nominal and final cah'brated models are shown in Figures

6.16(a) and 6. 16(b). Figures 6.17(a) through 6.17(d) compare the analytical and

experimental mode $hapes and frequencies.
The most important conclusion reached from local calibration is that this procedure has

the ability to identify and quantify any discrepancies seen between the modal test and

baseline model (modal or analytical). In other words, it may not be possible to identify the

nature of damage seen in the form of a discrepancy in the deflection profiles by only visual
observation. In these cases, it is worthwhile to perform a local calibration on the analytical
model for the purposes of identifying the nature of the damage, quantifying and localizing

it. Even though at this time local calibration is a tedious procedure which is very much

dependent on experience and insight, it is a promising way of identifyin~ the nature and
amount of damage at an element level. Research is in progress to develop automated

methods for locally calibrating a FE Model based on the results obtained from field tests.

6.3.9 DaIIIage Ident.Uication
This section is divided into two parts: Identification ofexisting damage using the results

of the first modal test and the finite element model; and identification of the loading

induced damage using the results of the second and third modal tests. The first part

involves using the finite element model developed for the first test as a baseline. The
damage is identified by comparing the deflection profiles calculated from the flexibility

matrices of both the analytical model and the modal test. In the second part, damage

identifi<:ation is performed by comparing the first stage modal parameters, namely,

frequencies damping and mode shapes of the second and third tests as well as their

flenbility matrices. Here, the second modal test serves as the baseline.

Identifying Em.... Deterioration Without • BaseUne: The nominal analytical model
developed for the first test was calibrated in the modal space using the results of the first

modal test to provide a suitable analytical baseline. In order to correlate comparable

quantities., the modes that were common to both the modal test and FEM were selected and

used in the ca1cuIation of the respective flexIbility matrices. These matrices obtained from

the measured and analytical modes were loaded with different load confisurations and the
corresponding flenbility profiles were compared. The first diagnostic load configuration was

chosen to be uniform loading with 1000 Ibs at each node. The resultant flexibility profiles

(3-D surface and 2-D cross sections) per node are shown in Figure 6.18. Uniform loading

caused all the entries in the flexIbility matrix to contribute to the resulting deflection profile.

In this manner it was intended to detect the locations that were damaged by observing the

discrepancies in the OexIbility prattle. As can be seen from Figure 6.18, such discrepancies

exist between the analytical model and modal test results, particularly in the form of kinks
at shoulders. However, it should be emphasized that the differences seen between the two
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models' flenbility profiles may not necessarily point to damage. These differences may
simply originate from modeling parameters used in the cahbration of the FEM or even from
experimental errors. What is being sought here are unusual trends in the modal test
deflection profiles that may point to the existence of possible damage or structural
degradation. Naturally, a carefully controlled testing process and accurate results in the

form of frequencies and modal vectors are essellt.ia! for a reliable flexIbility correlation

procedure.

Identifying Loading Iad1lce4 J>am.ap:: This section illustrates the capability of modal test
to identify damage given that baseline information is available for the structure. The results

of the second modal test. conducted prior to the controlled loading phase, constitute the
baseline model The results of the third and fourth modal tests, on the other hand,
represent the damaged state of the structure. At the time the third test was conducted, the

structure was visually intact and undamaged, whereas during the fourth test the structure
had been severely damaged. The second and third test comparison has a special value since

it is a very good demonstration of the ability of the modal test to detect critical structural
damage. Before the third test was conducted, the bridge had been subjected to a load

equivalent to twenty rating trucks and showed absolutely no signs of impending failure.
The studies performed on the results of the three modal tests are given below.

Considering that the bridge failed after being loaded to the equivalent of twenty-two rating
trucks just before the fourth test and a portion (If the structure could not be tested, only the

changes in the frequencies and damping of the first few modes are presented and flCX1bility
is not investigated for the fourth test. The reader is referred to Figure 6.3 which shows the
second and If. '~\J rr.odal test grids and the position of the loading bloclcs.

6.3.10 Compau'bJil of Frequendes, Damping and Mode Shapes

The comparison of frequencies and damping factors is given in Table 6.6. This table

compares the results of tests two through four. The percent change columns represent the
change in the results of the third test relative to the second test. It is observed that all the

frequency shifts are less than 5%. Although the d?':lping coefficients do indicate marked
changes, the order of magnitude of possible experimental errors and processing in the
measured damping coefficients is similar. Therefore neither the frequencies nor the

damping coefficients can be used as sensitive indicators of damage. The mode shapes
(Figures 6.5 and 6.6) are not revealing any marked changes either.

In ccnclusion, alt~...lUgh a considerable number of frequencies, mode shapes and damping

coefficients are nailable from the 2nd and 3rd tests, even such a wealth of modal data does

not definitely reveal the damage which the bridge experienced after the 2nd test. Hence the

use of modal flel1bility as discussed in the following.

6-20



~ ....

M
od

e
T

E
S

T
2

T
E

S
T

3
T

E
S

T
4

T
2

vs
T3

T
2

vs
T3

M
o

d
e

S
ha

pe
#

'(H
z)

C(
%

)
f(H

z)
C(

%
)

f(H
z)

C(
%

)
M

(%
)

4{
(%

)
D

es
cr

ip
tio

n

1
8.

75
7

1.
80

5
8.

63
1

2.
16

6
8.

57
3

1.
70

5
·1

.4
4

20
.0

0
G

LO
B

A
L

2
11

.1
1

1.
86

8
10

.9
7

2.
09

0
10

.7
8

1.
90

6
·1

.2
6

11
.8

8
G

LO
B

A
L

3
13

.3
7

4.
S

07
12

.7
0

4.
25

7
13

.2
2

3.
17

9
·5

.0
1

·5
.5

5
G

LO
B

A
L

4
13

.8
9

2.
62

7
13

.9
0

2.
73

4
...

.,.
0.

07
4.

07
G

LO
B

A
L

5
15

.4
7

3.
03

2
14

.8
8

3.
57

4
15

.9
9

3.
28

4
·3

.8
1

17
.8

7
LO

C
A

L
LE

FT

6
15

.9
1

1.
92

4
15

.8
3

1.
88

4
15

.8
1

1.
91

2
-o

.S
O

·2
.0

8
LO

C
A

L
R

IG
H

T

7
20

.4
4

1.
27

6
20

.2
0

1.
36

3
19

.9
8

1.
28

5
·1

.1
7

6.
82

LO
C

A
L

M
ID

8
23

.2
6

2.
97

5
22

.2
9

3.
50

3
..,

...
-4

.1
7

17
.7

5
LO

C
A

L
LE

FT

9
23

.4
1

1.
65

1
23

.4
1

1.
73

6
23

.3
6

1.
76

4
0

5.
15

LO
C

A
L

R
IG

H
T

10
27

.3
0

2.
05

1
26

.8
7

2.
14

3
26

.3
7

2.
32

9
·1

.5
8

4.
49

LO
C

A
L

M
ID

11
30

.2
3

1.
51

9
29

.9
0

1.
63

5
29

.6
3

2.
07

8
·1

.0
9

7.
64

LO
C

A
L

M
ID

12
37

.1
5

2.
98

7
34

.9
8

3.
21

3
...

...
·5

.8
4

7.
57

LO
C

A
L

LE
FT

13
37

.7
1

2.
39

8
37

.4
5

2.
59

4
37

.2
8

2.
95

7
-0

.6
9

8.
17

LO
C

A
L

R
IG

H
T

14
43

.2
1

1.
53

6
42

.5
3

1.
61

7
42

.4
9

1.
66

8
·1

.5
7

5.
27

LO
C

A
L

M
ID

15
47

.1
4

1.
95

5
46

.6
9

2.
03

7
46

.3
9

1.
98

1
-0

.9
5

4.
19

LO
C

A
L

M
ID

16
49

.1
1

3.
81

4
51

.4
3

3.
15

3
...

..-
4.

72
·1

7.
33

LO
C

A
L

R
IG

H
T

17
51

.4
0

4.
39

3
51

.6
2

3.
43

8
SO

.8
1

3.
61

8
0.

43
-2

1.
74

LO
C

A
L

LE
FT

18
55

.1
8

4.
40

8
53

.6
3

3.
53

6
52

.0
4

5.
52

3
·2

.8
1

-1
9.

78
LO

C
A

L
LE

FT

19
55

.5
8

2.
72

0
55

.5
4

2.
58

3
55

.3
5

2.
51

0
-0

.0
7

·5
.0

4
LO

C
A

L
R

IG
H

T

T
ab

le
'-

'•
C

-p
a
rl

so
n

o
fF

re
qu

en
ci

es
an

d
D

am
pi

ng
V

al
ue

s
to

r
T

es
ts

2,
3,

an
d

4



6.3.11 eoaaparisoD 01 F1exibility Proft1es
As usual, uniform loading deflection profiles were compared first (Figure 6.19). A clear

discrepancy is observed between the baseline test results and the third test results. This
difference is seen around the area where the loading blocks were positioned. The plot of
deflections along section A-A The plots of deflections along B-B indicates loss of stiffness
due to damage on the other hand, indicates the damage is on the east side where the
loading blocks were placed, compared to the west side. The location and nature of the
damage was further investigated by using different line loading configurations.

Figure 6.20 shows the comparison of the flexibility profiles due to a line load on line C.
The difference between the results of the two tests is apparent from the cross-section plot
which shows test three deflections as much as 34 percent more when compared to test two.
The same phenomenon is observed in Figures 6.21 and 6.22 which show test three
deflections exceeding the baseline deflection values by as much as 30 to 40 percent when
lines D and E are loaded respectively. When line F is loaded as seen in Figure 6.23,
however, the difference between the two deflection profiles becomes less and takes a
different shape. This is due to the diagnostic loading moving away from the maximum
damage location. The preceding figures illustrate that by using this method, it is possible
not only to quantify the damage but also localize it. This observation becomes clearer when
Figures 6.24 and 6.25 are studied. Figure 6.24 shows the resulting deflection profiles due
to a line load in the middle span. As can be seen from the figure. the difference between
the two profiles drops down to 10 to IS percent. This difference is attnbuted t" the possible
damage incurred by the pier connectivity due to the loading in the left span., which affects

the continuity between the left and the middle slabs. Figure 6.25 shows the deflection
profJIes due to a line load on the far right span. As can be seen from the plots, there is
little or no difference between the proftles of the two tests. This shows that the effects of
the damage in the left span becomes diminishingly less as one moves further away from the
damaged location. Using this method, different loading configurations and different cross
section plots may be studied to locaUy define the damaged region(s} on bridges. As an
example, Figure 3.16 shows a patch load applied over the damaged region and the resulting
fleXIbility profiles.

It may be concluded that in the presence of a baseline, modal flexibility has a
remarkable capacity to diagnose damage that may not be visible. On the other hand,

individual mode shapes or frequencies are not sensitive. as has been pointed out by many
researchers.
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CBAPl'ER 7: BlUDGE RATING

7.1 INTRODUcnON
Bridae rating procedures based on different analytical modeling approaches were studied.

These include a simple frame analogy in conjunction with computer software for brid,e influence
line aoalysis as well as linear finite element analysis. All of the ratings are based on either the
AASHTO 1983 "Manual for Maintenance Inspection of Brid,es", or the AASHTO 1989 "Guide
Specifications for Strensth Evaluation of Existial Steel IDd Concrece Brid,es-. The 1983
AASHTO -Standard Specifications for Highway Bridges- were applied where appropriate.

lbe goal of these ratings is to establish a baseline by which the different phases of the
research can be correlated, as well as to study the issues in ratinI RC slab bridges. It is DOted
that a wide range of ratin& values can be achieved for the same bridge based on the level IDd
complexity of analysis used in the rating proeeaa (Huria, Lee, IDd Aktan. 1992). In general,
rating factors sbould increase with the complexity of lbe analysis, as more resistance mechanisms
are incorporated in more complex models. However, to achieve the highest possible reliable
ratina, the bridge must be carefully inspected, material properties must be cacefully identified,
IDd care must be taken to assure the analysis would incorporate the actual bridge conditions IDd
characteristics accurately. Also. as the complexity of the analysis increases so does the time and
effort required to perform the rating.

7.1.1 Spedncations and Trucks
Brid,e rating is typically done using the AASHTO 1983 -Manual for MainteDancc Inspection

of Bridges-. In this method. the bridge is modeled accordiDg to the applicable AASHTO
-Standard Specifications for Highway Bridges- (a sample model for a slab brid,e is shown in
Figure 7.1) The Standard Specifications describe how a bridle is divided into elements IDd how
given load is to be distributed to each element of the bridge. Next, the model is loaded with the
appropriate dead IDd live loads. Dead loads are basically the bridge self weight. The live load
consists of a truck loadm,; either an H or HS type loading or a Type 3 loadiD,. The 1983
Manual permits the use of equivalent lane loadinp (Fipre 7.2&) or a set concentrated loads
which represent individuallXle loads (Figure 7.2b). In general. the iDdividuai conceotrated loads
(Fiaure 7.2b) controls for shon spans. lbe live load is then distributed to the bridle elements
accordm, to the Standard Specifications. Live loads also cause impacts loading so an impact
factor for live load is determined from the 1983 AASHTO Manual. The Ippropriate sections
(e.,. steel, concrete) of the Standard Specifications are then used to determine the resistance
(capacity) of the bridge or bridge element and the bridge can be rated usiDa the ratinI equation:

R.F.- ~Rn-yd.D.L
yl.L.L. .(1+1)

(EQN.7.1)



wheee R.F. is the rating factor, D.L. and L.L. are the dead aod live load respectivf'ly, Rn is the
nominal resistance, -yd and -yl are the dead aod live load factors respectively. ,; is the resistance
factor, aod '1' is the unpact factor. Rating factors of approximately 3 are recommended while
lOy ratin& factor below 1.0 indicates a suuetUtal deficiency in the brid,e.

ADOtber ratiD& tool is the AASHTO 1989 -Guide Specitieatioos for StreftJth Evaluation of
Existina Steel and Concrete Bridles-. 'Ibis uses a method similar to the 1983 Manual with the
following exceptioDS: I) Only AASHTO Type 3 loadings are considered; 2) Only the discrete
point load (FiJure 7.2b) is used for bridges unclee 200 feet long (for longer brid,es a DeW

equivalent lane loading is provided); 3) The ,; factor is altered to reflect reduodancy•

damage/deterioration. inspection and majoteND<:e practices; 4) The 1989 Guide allows for use
of advanced analytical tedm.iques. such as finite elements. to determine load distributiODS.

For concrete slab bridges. both the 1983 AASHTO StaDdard Specifications aod the 1989
AASHTO Guidelines permit the bridge deck to be modeled as a beam with a specified effective
width (E). The ratio& procedure requires that all lanes be loaded. but if the effective strips do
DOt overlap, the presence of vehicles in other lanes does DOt affect the strip UDder consideration.
Therefore, a1thou&h the destructive test loaded only one lane, the effective strip rating model will
DOt distinguish between the single lane load and the multiple lane load required by the AASHTO
ratina process.

Normally, a three span bridge like the test bridge would be modeled as a three span
continuous beam with pin supports. However, the research team decided that a frame with
simply supported abutments and fixed piers as shown in Fipe 7.1 would be a more appropriate
model. The frame idealization should provide more accurate results since the moment
distribution at the pier-slab collllection is better simulated by representing the piers by column
elemeacs in the analytical model.

The normal rating procedure requires the critical ratings to be based On the worst case
positioniDe of the truet(s) as per the AASHTO requirements. However. for comparison with be

destructive test, the rating factors for the pattern by which the bridge was loaded for the
destructive test bave also been calculated. The destrUctive test loading pattern was originally
desiped to correspond to the critical positionina of one truck placed in the northbound llBe to
produce maximum positive beDding moment response in the south eDd span (see Chapter 4).

7.13 Problems ill Brldp ltatina
Material Properties: In most cases the enaineer performiDa the ratiDB would be restricted to the
desilll drawings and oominal values for most of the information critical to the rating, such as the
material properties. The design drawings available for this bridge did DOt prescribe a nominal
steel streDItb and specified the concrete only as class -C·. In the case where material streD&tbs
are not available to the engineer. the 1989 AASHTO guidelines specify the compressive concrete
streDgtb (fJ, aod steel yield strength (f,). From the 1989 guidelines. for a brid,e built prior to

1954. the material properties are specified as f, = 33,000 psi. and f c =3,OOO psi. The euideline
is vague as to whether or not provisioDS exist for experimentally determininl the properties for
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reinforced concrete. However, as pan of the research. extensive material testing was petformed
(see Chapter 3). For the test bridge, extensive material testing produced actual avenge measured
mueria1 properties sipificantly JI'eater than those recolllllleDded by the pidelines. It would still
be conservative 10 use values of f,,=43,SOO psi IUd f ....S,OOO psi for the experimeutaJly
determined average properties. 'Ibis represeots a 10" reduction in the measured steel yield
strenstb aDd a reMOnable value for concrete suength based 00 compression teStS which revealed
strengths as high a.i B,OOC psi. For comparisoD, all the ratinp were done with both the code
prescribed material properties, as well as the experimentally determined ones.

Incorporatinl Darnqe and Deterioration: In calculations of the section capacities for the
bridge. adjustments were made for damage. Since the dima&e was confined largely to the top

of the slab, a ODe inch reduction in the deck thickness was made in the positive momeDt rcaions
in tho&e areas where the d.=teriorltion of the shoulders would be most pronounced. In the
negative moment regions, the damaged top would be in the tensile zone where it would have DO

influence since concrete on the tensile side of the neutral axis ': ignored. Since the bottom

surface of the concrete was in relatively good shape, it was deemed unnecessary to reduce the
depth of the slab in the negative moment regions.

7.1.3 Analysis or BrIdge (or Rating
All of the analyses were performed using SAP90 version PS.31 which has the capability to

apply moving loads over frame elements through its bridge module. In all of the an;-.iyses
corresponding to an effective strip model. the slab is modeled as a beam with an effective width
and depth as calculated as per code procedures (Figure 7.1). Figure 7.1(b) shows the typical
frame model that was implemented in the analyses. The program then would move the truck

along the elements that were defined as the driving lanes of the bridge to predetermined stations
set in the analysis. Based on the moving truck: loads the program then calculated the envelopes
for moment and shear.

The resistance (capacity) was determined using the AASHTO Standard Spo:ifications. For
the effective strip model, the resistance was calculated by assuming a reinforced concrete beam
of proper depth (recall that the depth was reduced in the positive moment areas to account for
deterioration) and steel ratio. The width of beam is the effective width of the strip. The ratinI
factor is calculared based OD the foJ1owing equation:

R.P.- .R1t-yd*D.L.
yl*L.L.*(1+-l)

(EQN.7.1)

where R.F. is the rating factor, D.L. and L.L. are the dead and live load respectively. Rn is the
DOminaI resistance. -yd and -yl are the dead and live load factors respectively, q, is the resistance
factor, and 'I' is the impact factor.
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7.2 RATING BASED ON AASIlI'O 1983 AND lIS TRUCKS
The AASHTO 1983 SpecificatiODS allow for the use of the standard H and HS trucks or the

Type 3 ratiDB trucks for rating. For this case the raUng was performed using the H and HS
trucb. The AASHTO 1983 specifications provide two levels of rating, operating and inventory.
Inventory ratiD& is used for rating the bridge UDder daily traffic patterDS, whereas the operating
ratin& is used for special permits. All of the ratings will be based on Ibe inventory rating since
DOne of the configurations being considered would warrant a special permit.

The effective width of the bridge (E) used to calculate the aiticalloads based on ratings with
the AASHTO H and HS trucks is given in Ibe AASHTO Standard Specifications for Highway
Bridges. This width is required to suppon In of the applied loading aDd is calculated using Ibe
formula given in 1983 AASHTO Standard Specifications for Hiabway Bridges :

(EQN 7.2)

wheee S is the clear span length. The effective width for the bridge is S.8 feet for the end spans
and 6.3 feet for the middle span. Figure 7.2 shows the loading from the standard H20-44 and
HS2().44 live loading conditions, which are commonly used in designing short span bridges. lbe
design parameters for these ratings are based on the 1983 AASHTO Standard Specifications for
Highway Bridges. The resistance factors are given as .=0.9 for bending moms, and .=0.8
for shear, The dead load factor -yd is given as 1.3. and Ibe live load factor 'YI is given as 1.67,

The impact factor I is given as 0.32 by the following equation:

so1---
L+l2S

(EQN 7.3)

wheee L is the span length in feet. lbe dead load is calculated based OD nominal dimeDSions of
the bridge.

Figure 7.3 shows the analysis results for the H aDd HS trucks, and the ratin& factors based
on these trucks are given in table 7,1. The critical rating comes from Delative moment over the
pierline; if the rating had been performed using code material properties, the critical ratin& would
be 0.91 which indicates a slighe deficiency. However, the measured nweria1 properties produce
a critical ratina factor of 1.61 which indicates the bridle to be in acceptable shape. The most
critical factor in this rating is the material properties for the bridge, s~ the ntin& faaor was
increased considerably from an unacceptable level to a good level. ADOthee interesting result of
the lIIiDp is the critical nature of the ratioS over the pier line. The strength of this section was
calculated using its full section depth, whereas the positive moment regions had an inch reduction
in its effective depth. It becomes apparent that this particular bridge was DOt as strong in the
negative moment regions over the pier as in the positive momtJJt regioDS at the midspans.
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Table 7.1· Ratin& Based 011 &be 1983 AASHI'O
Specifications: Using the AASIlI'O H and lIS Trucks

LOAD MATERIAL NOMINAL DEAD UVE RA11NG
CONDmON PROPERTIES RESISTANCE LOAD LOAD FACTOR

MOMENT IN CODE 4,400 1,194 1,027 1.06
END SPAN SPECIFIED

(KiJHa) MEASURED 5,880 1,194 1,027 1.65
PROPERTIES

MOMENT OVER CODE 5,520 2,154 1,080 '.91
PIER. SPECIFIED

(Kip-ill) MEASURED 7,390 2,154 1,080 1.61
PROPERTIES

MOMENT IN CODE 4,790 1,314 1,030 1. IS
MIDDLE SPAN SPECIFIED

(Kip-ill) MEASURED 6,390 1,314 1,030 1.78
PROPERTIES

SHEAR AT CODE 116 31.2 19.9 1.33
PIER.LINE SPECIFIED

(Xips) MEASURED ISO 31.2 19.9 1.99
PROPERTIES

* All based on load factor method and inventory rating.

7.3ItATING BASED ON AASHTO 1983 AND TYPE 3 RATING TRUCKS
The bridge was rated a second time, this time using type 3 rating b'Ueb. The AASHTO code

supplies three rating b'Ueb tbat are based on actual trUck loads and dimensions as shown in
Figure 1.4. The loading from these trUcks is applied to the bridle in the same DlIIIIleI' as for the
AASHTO H and US trucks. The only difference is in the calculation of the effective width.

(EQN 7.4)

Based on this equation the effective widths become 6.6 feet for the end spans and 1.1 feet for the

middle span. The same parameters are used for calculatinl the rating factor.
Once qain the SAP90 bridge module was used to analyze the Sb'Uaure for the load cases

involved with these trucks. The results from these analyses are shown in Figure 1.5, and the
rating factors are given in table 7.2. For the end spans and middle span the Type 3-50 kip ratio,
truck produced the critical loading. This is due to its ability to lump more mass into the relatively
short spans than the other ratin& trucks. The longer Type 352-72 tip ratin& uuek produced the
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critical results for negative moment over the piers. The 22 foot spacing between the front and
rear taDdems allowed the Type 352 rating truck to apply siJDificant load to both the cud and the
middle span at the same time producin& the large negative moment over the pier.

The imponance of the material properties used in the ratin& factors once aaain proved to be
very important in this JI'Oup of ratings. Overall, Ihe changes between using the H and HS trucks
vs. the Type 3 rating trucks was vtrj small. The critical ratiDa apia corresponds to the negative
moment over the pier line. Using the measured properties gives a very favorable ratin& of 1.76
where the code properties still produce a deficient rating of 0.99.

Table 7.2 • Ratin& Based 011 the 1983 AASIITO
Spedfications: Usinc the AASIlTO Type 3 Ratinl Trucks

LOAD MATERIAL NOMINAL DEAD LIVE RATING
CONDITION PROPERTIES RESISTANCE LOAD LOAD FAcrOIL

MOMENT IN CODE 5,01. 1,37. 1.145 1.01
END SPANS SPECIFIED

(kip-in) MEASURED 6.690 1,370 1,145 1.6'7
PROPERTIES

MOMENT OVER CODE ',280 1,413 1,141 I"PIER SPECmED

(ldp-ia) MEASURED 1,41' 1,413 1.141 1."
PROPERTIES

MOMENT IN CODE 5,398 1,47. 1,153 1.1'
MIDDLE SPAN SPECDlED

(kip-in) MEASUllED 7,100 1,47' 1,153 1.•
PROPERTIES

SBEARAT CODE 132 35 10.7 1.46
PlERLINE SPECIFIED

(kips) MEASUIlED 171 35 10.7 2.1'
PROPERTIES

• All based on load factor method and ial'eutory ratiDa.

7.4 RATING BASF.D ON AASHTO IM9 GUIDE SPECDlCATION
The 1989 AASHTO Guide Specifications differ from the 1983 Manual by specifying values

of •• -yd, .,1, and I to be used in rating the bridge. The auide1ines also specifically called for the
use of the AASHTO Type 3 ratio& vehicles (Fig 7.4), with the corresponding effective width
calculated in the previous section. The 1989 Guide is also more specific as to the calculation of
the dead load.

For ntin&, the dead load is calculated from nominal dimensions, and 20~ is to be added to
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the desip thickness of any overlay. The code specifies the weights of the materials to be used
ill calculating the dead load. The dead load factor. 'Yd. is specified as 1.2, and the live load
factor, 'YI, is based on the volume of traffic and eoforcemeat against overload. For the given
bridge 'YI is equal to 1.3 based on a low volume roadway (ADTf, 1(00) and reasonable
enforcement lIDd appropriate control of overloads. The'; factor is based OD the coDditiOD of the
bridge, redundancy aDd frequency of inspection and maintenance. Because of the deteriorated
state of the bridge 4> is taken as 0.7. The impad factor I is determined by the condition of the
ridiDa swface; based on the poor condition of the overlay, I is taken to be 0.2.

The aualysis results shown in Figure 7.6 are the same as for the 1983 specifications using the
Type 3 rating trucks, except the dead load bas changed due to the provision of the 1989
guidelines. Table 7.3 shows the results for the ratings based OD the 1989 AASHTO guidelines.
Once again the critical rating values correspond to the negative moment over the middle span.
However, the factors specified in the guidelines actually lead to a more conservative rating than
the rating based on the 1983 manual. This reduction is largely due to the reduced resistance
factor as a result of the deteriorated state of the bridge. If the bridge had been listed as being
ill good condition rather than as beavily deteriorated, .; would have increased to 0.85 and the
a.F. would have increased to 1.3 for code specified properties. The 1989 guidelines again show
the importance of the matecial parameters. The trends of the ratings remained the same, with
nccative moment over the pier controlling.

The 1989 JUidelines are judged to be a simplec procedure, which require slightly less time
and effort to implement than the 1983 specifications. The guide also has specific provisions to

KCOUDl for damages that are DOl included in the 1983 AASHTO Specification. However, it lacks
a quantitative means of determining the deteriorated state of the bridge. For instance, it was
~ided based on the vecy poor quality of the shoulders and loss of continuity ill the north span,
to rate the bridge as being heavily deteriorated. However, hued on the good quality of the
driving lanes and the NDE results, it could easily be justified to rate the bridge as deteriorated.
This would have increased the resistance factor to 0.80 and the rating factor to 1.15, a major
difference from the 0.8 rating factor given for be heavily deteriorated case.

70S RATING BASED ON 11IE CALIBRATED FINITE ELEME2'llT MODEL
The Batavia test bridge was also rated using the finite element model which has been

calibrated to represent the characteristics of the bridge determined during the first modal test, as
discussed in chapter 6. Usq a finite element model to detennine the load distribution is
permitted by the 1989 AASHTO Guide Specifications. The application of the finite element
model to rating was met with several obstacles. First, the placement of the loads from the trucks
on the finite element model is complicated by the fact that SAP90's moving load provisions only
work with frame elements, where as this model required shell elements. M a result the loads
bad to be distributed to nodes by hand for each wheel involved in eacb U'Uck position. Also DOle

that, unlike the effective strip model, it is necessary to consider both lanes loaded as required by
the 1989 Guide Specifications.
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Table 7.3 • Rating Based 011 the 1989 AASHI'O Guidelines

LOAD MATERIAL NOMINAL DEAD UVE RATING
CONDmON PIlOPERTIES RESISTANCE LOAD LOAD FACTOR

MOMENT IN CODE 5,010 1,387 1,145 1.03
END SPANS SPECIFIED

(kip-in) MEASURED 6,690 1,387 1,145 1.69

PIlOPERTIES

MOMENT OVER CODE 6,280 2,476 1,141 I."
PIER SPECIFIED

(kip-in) MEASURED 8,410 2,476 1,141 1.24

PROPERTIES

MOMENT IN CODE 5,390 1,504 1,153 1.09

MIDDLE SPAN SPECIFIED

(kip-in) MEASURED 7,200 1,504 1.1S3 1.80

PROPERTIES

SHEAR AT CODE 132 3S 20.7 1.56
PIERLINE SPECIFIED

(kips) MEASURED 171 35 20.7 2.41

PROPERTIES

In order to simplify the procedure as much as possible, the ratina trucks which produced the
maximum response, and the approximate placement of these trucks were determined from the
previous ratings. Knowing which rating truck to use and approximately where the trucb should
be placed to produce maximum response on the bridge cut the total effort required by over 70~.
However, each analysis still required the tedious and time consuming step of placin, the loads
OD the bridge as prescribed by the truck placement. Due to the skew nature of the bridge, the
positions provided by frame models only roughly approximated the truck placements. Therefore,
once the approximate positions of the trucks were established, each truck had to be moved bact
and forth from this position to find the exact critical load position.

The load was applied to the bridge through node forces, which posed a problem in itself,
since seldom does a wheel actually end up OD a node. To account for this, one of the wheels on
the truck was placed in a position in its lane directly over a joint. The positiOD of the remainina
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wheels was then calculated based on the position of the first wheel. The load from the individual
wheels was Iben distributed to the sunoundina DOdes by liDear iDIerpolation. This method
allowed the tru~ to be moved forward in increments of the width of one e1emeDl with minimal
recalculating for the positioDs of the wbeels.

The previous ratioS aaalyses clearly show that for critical moment in the end span, the Type
3-50 tip rating cruet should be placed at approximately 40~ ofspan. For negative moment over
the piers, the Type 3S2-12 tip rating truck should be placed so the tandem axles straddle the pier.
For the positive momeat in the midspan, the Type 3-50 kip rating trucks should be placed III

approximately mid-span. Based on these approximate coDditions, the analyses were set up so thai:
the trucks would move through ranges paranteeiDa maximum response. By makinI each
individual truck placement a separate load case, it was possible to combine the load cases from
ead1lane in sueb a IIWUler as to cover alilbe possible truck positions. Figure 7.7 Jives the
placement of the trucks that prodUced the maximum responses in eacb specific area of the bridge.
The dead load moment response for the test bridge is given in Fipre 7.8, and is standard for all
loading configurations. Figure 7.9 gives the live load moment response for the loading
configuration producing maximum moment in the end span. Figure 7.10 shows live load moment
CODtours for responses over the pier, and Figure 7.11 gives the live load moment contours for
the middle span. Table 7.4 summarizes the resulting rating factors.

Interpretation of the finite element results requires some expertise. Consider FiJUl'e 7.8
which shows the moment contours due to dead load. Initial inspection would indicate that the
bighest moment over the piers is -32.S k-inlin. However, this is would be an incorrect
assessment. This high IDOment occurs over the columns in the area where the slab is supported
by the column cap. The correct moment for assessing the slab is the moment at the face of the
support, as required by the code and good engineering judgement. In Figure 7.8, the pier is
shown. Note that contour of 19.5 Ie-in/in runs almost along the pier line. In a few places, the
contour line for 2S Ie-inJin (DOt marked) crossed the face of the support, but this is in only a few
localized areas and considering only such localizations would be incorrect. Inspection of these
results shows that a moment of 21 Ie-inlin is a reasonable value for the moment at the face of the
support. Similar arguments can be made assessing the other moment values.

Also DOte that the maximum dead and live load moments do DOl always occurs at the same
point. However, they are in all cases in close proximity and the resulting ratin& factor is
influenced vetr'J slighdy. The coarse movement used in positionina the trucks is DOt conservative,
IDd this assumption provides the additional conservation to alleviate this problem.

The finite element program outputs moments in kip-ftlinch of width IDd provides only load
distribution, DOt resistance. lbe resistance was calculated by assuming a 1- wide beam with
proper depth and steel ratio. This 1- wide beam provided a resistance in units consistent with
the FE program output. The actual resistance was calculated using the AASHTO Standard
Specifications. Shear was DOt considered in the finite element ratings due to post processing
limitations of the software.

Table 7.4 summarizes the rating using the finite element model (DOte, Table 7.4 shows the
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fKtored dead IDd live load moments}. lbe rating faaors are oow Il'eatly improved over the
AASHTO methods because the finite element model is capable of providinl an much more
realistic load distributionby considering the aetual,eometry ofme bridle aDd interaction betweeo
me adjoiDin& "strips" used in the AASHTO method. lbe critical ratin& factor also shifts to the
moment at the middle of the midspan, but the ratinI facton of the moment in the middle span
IUd Ibe IIIOIMDt over the piers are now so close, that practically speakiDa both places bave the
same rating.

Table 7.4 • bU.. Based on the 198' AASHI'O
GuideUnes: UsinC Calibrated F1nite Element Model

LOAD MATERIAL NOMINAL FAcrORED FACTORED RATING
CONDmON PROPERTIES RESISTANCE DEAD UVE LOAD FAcrOR

LOAD

MOMENT IN CODE 63.3 16.5 14.7 1.89
END SPANS SPECIfIED

(XipI iDliD) MEASURED 84.5 16.5 14.7 2.90
PROPERTIES

MOMENT OVER CODE 79.3 25.2 15.6 1.62
PIElt SPECIFIED

(Kips iDIiD) MEASURED 106.2 25.2 15.6 2.62
PROPERTIES

MOMENT IN CODE 63.3 18.8 16.5 1.55
MIDDLE SPAN SPECIfIED

(Kips iDliD) MEASURED 84.S 18.8 16.5 %.45
PROPERTIES

7.' RATING BASED ON DESTRUCTIVE TEST LOADING POSITION
In order to correlate me bridge ratings with the results of the destructive test, the bridle bad

to be rated one additional time using the loading conficuration from the desuuctive test. As
iDdicateel in chapter 4, the loading system is based on the staDdard HS2044 truck positioned in
the northbound lane to provide maximum moment in the south span (Figure 7.12). The loads
applied during the test were equivalent to the taDdem rear axle of a HS20-44 truck. lbe loadina
system ipored the influence of the front we since it was over the pier.

Due to the nature of the loadin& that this system develops, it is more appropriate to perform
the aoalysis based on the methods of the 1989 guidelines. Thus, me ratiD& was carried out usiD&
the parameters established in the 1989euidelines for effective width, live load factor, dead load
factor, aDd resistance factor. However for this case the impact factor is left to zero since it is
impossible for the loadinl system to produce a si¢ficant impae:t c1urin& the loadin& sequence.



Two procedures were used to rue die brid,e for this loadina case; the first ia the .imple
frame anaJOI)' used in the orilinal ratings based OD me 1989 code. The second procedure uses
the finite element model developed from the second modal test. This modal test serves IS abe
baseline for the destructive testiDi, therefore it seemed more reasonable to use the model resultiD&
from the 2nd modal test for the ratings based OD the destructive test. This modal test does DOt

incorporate the overlay which was removed prior to testing.

Fipre 1.13 shows the results for the analysis based on the frame concept. Table 1.S live the
ratiDI factors based on these analyses. 1he factored results liven iD the lIble indicate a ratiq
factor of 2.3 for the de6trUetlve teat based aD the measured materiaJ properties. Removin& all of
the safety factolS the ratim& would increase to S.23, which accordina to the theory IPPlied in the
ratinp should produce yieldm, in the reinforcemeot. Therefore, according to the procedures of
the 1989 AASHTO Guidelines the steel iD the slab should begin to yield It just above S
equivalent ratioa trucks load. As it tunl.'; out the bridge was still exhibiting linear behavior at S
trucks and no yielding of the steel was DOted until 20 equivalent trUck loads. This demonstrates
the problems centered around the simplifying assumptions used in the procedures outlined in the

Table 7.5 -)tali.. Factors Based OIl Destructive Ttst Loadinl

RATING MATERIAL R.N. D.L. L.L. R.F.
PARAMETER PROPERTIES 1989

OUIDE

POSITIVE CODE 5,010 1,370 1,017 1.41
MOMENT IN SPECIFIED
END SPAN

%.30(kip-in) MEASURED 6,690 1,370 1,017
PROPERTIES

NEOATIVE CODE 6,280 2,423 661 1.72
MOMENT SPECIFIED

OVER PIER
(kip-iD) MEASURED 8,410 2,423 667 3.44

PROPERTIES

SHEAll AT CODE 132 35 8.14 4.62
PIER SPECIFIED
(kips)

MEASURED 171 35 8.14 7.74
PROPERTIES

1989 Guidelines.
The finite element model used to rate the bridge was based the model developed from the

second modal test. This model is calibrated to cbaracterize the bridge just prior the destructive
testing. Figure 7.14(a) gives the moment contours of this model under dead load. Note the
effects aD the discontinuity over the north piec on the east shoulder. The moment contours of
the analysis for the destructive test loading are given in Figure 7.14(b). In this case, the
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muimum dead load mAl ....... and live load are DOt Dell' the same point therefore it WIS DeCesSuy
to sum the respoDSeS Ie every node due to the dead load and the live load to find the DOde witb
the muimllm response. lbe lar,. total respouse WIS DOted It DiOde '124 IS sbovm in Fiaure
1.1~). Up to this case the moments from the dead and live loads produced their maximum
response 11 approximately the same 100000on, so it was reasonable to ipore the difference.

lbe moment due to live load at DOde 124 is 8.04 kips/inlin width, and the moment due to

dead load is 7.08 kips/inlin. With a nominal capacity of 84.5 kips/inlin based 00 the measured
material properties, this produces a ratin& factor of4.BS. Without safety factors, the ratin& factor
is iDcreased to 9.63. or approximately 10 equivalent Il'Uck loads. This would iDdicale that the
stod should have yielded at 10 equivalent truck loads duriq the desttuctive test which doubles
the S equivalent Il'Ucks predicted by the simple frame analogy. However this is still ooly about

one half of the load at which yield actually occurred duriDI the desttuctive test.

7.7 COMPAIUSON OF RATING PROCEDURES
Overall, the ratinl seemed to be more influenced by the material properties that Ire used for

the ratioa than the procedure used in ratini the bridge. J',fo matter what t~que was
implemented. the material properties specified in Ibe code produced excessively conservative
results. On the odJer band when the real material properties of the bridge were used, in every
case the bridge produced ratings usually well above 1. It is therefore, very important for the
purpose of ratings to use as ICCUrate material properties as possible.

lbe method of analysis was also critical. lbe simple frame analysis based on the AASHTO
Swwrd Specifications is extremely conservative since is does DOt acc:ount for additional load
carryina mechanisms such as slab action (interaction betwr.en adjacent beam slrips) or the actual
leomdry of the bridle. Using the frame, th~ bridge was rated as deficient when the code
specified material properties were used. However. when a linear finite element proJI'IID was
used I more reasonable load distribution was obtained since this model considers ICOmetty and
additional load carrying m.xhanisms. Even using the conservative code specified material

properties, the finite element model rated the bridge as satisfactory. a conclusion borne out by
the destructive test.

However, botb the frame and the linear finite element model were still far from perfect in
lSSCS6iDa the bridge. In the destructive test, 19 rebars were strain gaced and DOt ODe WIS DOted
to have yielded prior to the applied load of 20 equivalent Il'UcU. However, usm, the models
correspondin& to the destructive test loadin&. the frame maloD predicted this effect would occur
It S equivalent truck loads, while the finite element model predicted it would occur It 10
equivalent truck loads. Pan of the problem is that both the finite element model and the strip
model are linear and that the DOn-linear behaviors are ipored. Advanced techniques such as
nonlinear finite element analysis would produce even more accurate results (Huria., Lee, and
Attan, 1992). A nonlinear finite element analysis of this bridle is presented in the following
dlapter.

The finite element model represents I model that is very conservative, siDce prior to the
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IpPlieation of any of the loadina, impact or resistance factors a safety factor of two is already
Ipplied (DOled from the fact that aetua1 yield occurred at 20 trucks and the model predicted 10).
When all of the factors are added in, it u1tim3teJy ends up providing a safety factor of 4 for this
brid,e UDder the destructive test load cooditioos. Similar safety factors would probably be

obtaiDed for other loading conditions. The frame representation had a factor of safety of 4 before
the factors were added in, aaain based on compariDa the predicted yield point from the model
aaainst the actual test. As a result, once the dead load. live load and impact factors are added
in, the bridae has a total safety factor of about 8.5.

Whereas bridge failure is very UDdesirable, a rating factor of 2.3 (frame model, midspan
moment, destrUctive test loading) seems to be excessively conservative since the bridge actually
failed at 20 trucks. A more reasonable factor would be the 4.BS aiven through the FE rating.
Therefore, using advanced analytical tools, such as finite element analysis, seems very useful.
as it removes a great deal of the excessive conservatism present in other procedures. However,
the engineer performing the ratings must be aware of the probable accuracy of the analysis so that
correct moments and shears are used in the rating and so that the safety factor does DOt become
unreasonably small.
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NOTE: FOR POSIT1IIE MOMENt" USE ONE CONCEN11\ATEO~
FOR NEGATIVE MOMENT USE tWO CONCENT'RATB) lOAOS
ClN£ ON EITHER SlDE Of Tl1E PIER

H20-44 AND HS20-44 LOADINGS

FIGURE 7.2a: H AND HS LOADING
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FIGURE 7.2b: H AND HS TRUCK

nGURE 7.2: B AND US LOADING TRUCKS
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FIGURE 7.3: RESPONSE UNDD B & BS TRUCKS
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CHAPTER 8: LINEAR AND NONLINEAR FINITE ELEMENT ANALYSES

8.1INTRODUcnON
Motivated by the need to better understand seismic behavior of reinforced concrete

frames, nonlinear analysis of such structures has gone through significant improvements in
the past three decades, and correspondingly many analysis codes have been developed (e.g.,
NONSAP, DRAIN-2D, ANSR). These codes were largely -cahbrated· based on

observations made on simple elements andlor structural systems. Nevertheless, in the realm
of inelastic response of simple but complete reinforced concrete frame structures, severe
shortcomings have been observed. Examples abound where seemingly reasonable modeling
assumptions regarding formulation of hysteresis behavior, element behavior in the inelastic

range, kinematic interaction between various elements, and material interaction between

different orthogonal phenomena (among others) have provided inadequate response
correlation (e.g., Detero et al., 1984; Charney and Detero, 1982; Aldan and Nelson. 1988;
Shahrooz and Moehle, 1987). Through continued efforts to overcome these difficulties,
techniques for proper nonlinear analysis of complete reinforced concrete frame structures

appear to be well established now.
Nonlinear finite element analysis (NLFEA) has evolved rather similarly. However, most

efforts in NLFEA are still focused on simulating response of individual elements.
Applications of NLFEA to complete structures have been limited to design of special
structures (e.g., van Mier, 1987; Muller, 1985; Milford and Schnobrich. 1984) or to analytical
studies of large structures (e.g., Huria et aL, 1991; Meschke et aI., 1991). Only recently have

there been some attempts to utilize NLFEA for correlation of experimental data from tests
on complete structures, e.g. correlation studies of data from tests conducted on a
containment vessel (Iding et al., 1992) and simulation of respo. . of the reinforced concrete
frame-wall model in the US-Japan cooperative study (Chesi and Sdmobrich, 1991). As a

result, reliability of NLFEA for complete structures bas not been fully explored. Continued

correlation studies of complete structures are needed to calibrate nonlinear finite element

analysis, verify that NLFEA can be used as a reliable tooL and if NLFEA is to become of
practical use.

The reported research provided a rare opportunity to evaluate the reliability of NLFEA
in conjunction with system identification to assess strength and stiffness characteristics of

aged reinforced concrete bridges. In addition, it became possible to address some of the
engineering aspects of modeling ofcomplete, aged structures; and to gauge the effectiveness

of NLFEA for predicting response of complete structures at various limit states.
Following is a report on the analyses that were conducted as part of the research. It

begins with the predictive analyses conducted prior to any other testing on the bridge, and
concludes with the post test correlation studies using the results of all the testing conducted.

&2 PRELIMINARY ANALYSES
Prior to the destructive testing phase of the research program, a number of analyses



were conducted. These analyses were conducted primarily for establishing the expected
strength and stiffness, which were necessary for design of the loading setup and
instrUmentation (see Chapter 4).

The level of complexity in performing the predictive analyses ranged from simple yield
line analysis to nonlinear finite element analysis. Considering the time constraints, it was
decided not to incorporate the observed visual damage, most notably on the sides of the
bridge. The nonlinear analyses were aided by system identification, and were conducted in
the context of establishing probable upper-bounds of response. Attempts were made to limit
typical wide variations of predicted response. For example, experimentally-generated

material properties were used, and results from nondestructive modal tests were utilized to
-cah'brate- support conditions.

8.2.1 Yield Une Analysis

Simple yield line analyses were carried out in reference to the loaded span. The
boundary conditions were assumed to be (a) simple supports at both the abutment and pier

cap and (b) fixed at the abutment and simple support at the pier cap. Due to uncertainties
in material properties at the time when the yield line analyses were performed, the concrete

compressive strength was assumed to range between 3,000 to 7,000 psi, the steel yield stress

was taken as 40,000 psi and 50,000 psi to conform with the grade of reinforcing ban in use

at the time of the construction of the test bridge. Strain hardening in the reinforcing ban
was approximated by setting the available ultimate moment strength equal to 1.25 times the
nominal strength computed per AC (AQ, 1989).

The loading blocks were simulated by using two concentrated loads located six feet apart

and perpendicular to the center line of the bridge. Because the deflections under the blocks
during the destructive tests were expected to be different, two kinematics were selected. In
one case. the deflections under both blocks were assumed to be equal, and in the other case

the deflection under the block closer to the edge was arbitrarily assumed to be 25 percent

larger than the deflection under the other block. Four yield-line patterns (see Figure 8.1)
were identified after a number of case studies. The ultimate load was found to range

between 348 kips and 632 kips. Using the measured material properties, the yield line

analyses were repeated. The upper- and lower-bound estimates of the ultimate load range

between 446 kips and 636 kips. The yield line analyses appear to have c:orrelated well with
the ultimate load resisted by the bridge (720 kips) rather closely.

8.2.1 LInear FiDile Elaleat Analysis

The linear finite element analyses were performed to ensure that the elastic behavior
of the bridge could be computed reliably before attempting to simulate the behavior in the

nonlinear range. The bridge was modeled by using SAP90 (Habibullab and Wilson, 1989)
as shown in Figure 8.2. The bridge deck was modeled by using a three-dimensional isotropic

shell element which indudes plate bending and membrane actions. A number of mesh



sensitivity studies were conducted before arriving at the illustrated mesh layout. lbree
dimensional frame elements were used to model the piers and pier caps. Figure 8.2
illustrates the connection between the frame elements and shell elements. The shear keys
at the abutments Figures 2.9 and 2.10 were assumed to provide sufficient horizontal restraint
for the slab. Hence, the slab at the abutments was assumed to be hinged. To simulate the

rotational stiffness at the abutments which was observed during the modal tests. linear

rotational springs were used. Based on the modal-test results. appropriate spring stiffness
constants were identified such that the measured and computed modal characteristics of the
bridge match closely.

The elastic modulus was defined as 5,000,000 psi and Poisson's ratio was set equal to

0.25. The stiffness of the frame elements was calculated based on gross-section properties.
These analyses were conducted before finding that the deck had experienced damage over
approximately a six-foot width on each shoulder. Hence, the nominal slab thickness (17.25
in.) was assumed in the analyses.

In order to verify the analytical model and the rotational stiffness constants at the

boundaries, an attempt was made to correlate the vertical deflections measured during the
truck load tests. During the third and fourth load cases (Figure 8.3), the instrument at C3
malfunctioned, and the corresponding experimental data are not shown. As seen from
Figure 8.4, the analytical and experimental longitudinal deflection profiles are generally

similar, except at point F3 (refer to Figure 8.3 for the location oftbis point) during the first,
second, third, and fifth tests. A similar observation can be made for the deflections in the
transverse direction. Nevertheless, for the fifth and sixth tests, where two or three trucks
had been positioned symmetrically as shown in Figure 8.3, the experimental measurements

indicate a symmetrical deflection profile, whereas the analytically-generated deflection
profiles do not fonow the same trend. To further understand this difference, a simple case

study was conducted.

A simply-supported skewed panel was loaded symmetrically (Figure 8.S), and the
resulting deflection profile was found to be symmetrical (Figure 8.6). This observation is
expected as the stiffness of the two supports are identical, and the two load points are

positioned equally from the supports. However, when an identical panel is added (Figure
8.7) the deflection profile is no longer symmetrical; see Figure 8.8. This trend could be
explained in reference to Figure 8.9, in which the slab has been disaetized into parallel
strips. These strips may be viewed as beams supported at points along AB, CF, DE, and
free edges AFE or BCD. Representative 1Jeam strips" with approximate boundary

conditions are depicted in Figure 8.9. It is apparent that the strips perpendicular to side
AFE are more flexible than those corresponding to side BCD; hence. points closer to side
APE will deflect more. These observations are valid as long as the slab stiffness is uniformly

distn'buted. The symmetrical nature of the measured de8eetion profiles during the

destructive tests suggest that the damage changed the slab stiffness unevenly.

In general, the computed deflections are smaller than the measured values., particularly
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at locations close to the edges where most of the damage was present. This observation is
expected as tbe existing damage and cracking were not incorporated in the analyses. Small
deviations from the experimental data at other locations are also attnbuted to ignoring the
observed damage in the analytical model However, the differences were deemed negliglble
for the initial predictive analyses.

8.23 NoaliDe8r Finite ElelHDt TestiDg
Modenag: The nonlinear analyses were conducted using a microcomputer-based software
named 3DSCAS (Lee et aI., 1991). The architecture and numerical algorithms of the
program are based on ANSR-ill (Ougourlian and Powell, 1982), and it includes several
linear and nonlinear elements. The particular elements used in this study were a 5-spring

R.C. beam-column element (Ghusn and Saiidi, 1986), a linear spring (Huria et al., 1991),
and a R.C. 9-node degenerated isoparametrlc sheD element (Milford and Schnobrich, 1984).
The shell element is based on layering concept, by which up to 10 layers of concrete and up

to 4 layers of steel bars can be simulated. Different properties can be assigned to each

concrete or steel layer.
To preserve the continuity between adjacent spans, it was decided to model the entire

slab-pier-abutment system. For this purpose, 102 R.C. sheD elements (located at the mid
depth of the physical slab) were used to model the bridge deck, as shown in Figure 8.10.

Additional refinement of the mesh size and layout was not carried out as mesh sensitivity
studies did not mdicate significant improvements beyond the illustrated mesh. The piers
and pier caps were modeled by using 32, 5-spring R.C. beam-column (frame) elements. The
connections between piers, pier caps, and bridge deck were modeled as shown in Figure

8.10, which is similar to the model used for linear finite element analyses conducted by
SAP90 (Figure 8.2). The two loading concrete blocks were simulated by several

concentrated loads acting on the nodes covered by the blocks (refer to Figure 8.10).

Considering that the deck was connected to the abutments by shear keys, the horizontal

movement of the bridge deck at the abutments was restrained in the analytical model.

Rotational sprinp were used to simulate the rotational restraint observed during the modal
tests. The rotational stiffness at the abutments was taken equal to that usee... in the linear

finite element analyses.
The concrete and steel constitutive relationships are shown in Figure 8.11. The material

properties were obtained based on ASTM standard tests of several steel coupons and

concrete cores taken from the bridge. The critical values are summarized in Figure 8.11.

The tensile behavior of the concrete before and after cracking was considered. Based on

split cylinder tests, the tensile strength was taken as 650 psi. The post-aacking participation
of the concrete was assumed to diminish at a strain corresponding to 10 times the cracking

strain, ie. k-eJea= 10, where Ct is the strain at which tensile strength diminishes, and Co
is cracking strain. This model is referred to as model A. This value is within the range

expected for lypical reinforced concrete slabs with no or little confinement (GiJbert and



Warner, 1978). A higher participation of concrete beyond cracking was also considered to
obtain an upper-bound estimate of strength and stiffness to ensure that the actuators would
have adequate stroke and capacity. For this purpose, the concrete was assumed to provide
tensile resistance until a strain of 20 times the cracking strain (k=20). This model is
referred to as model B. Thf~ values of Poisson's ratio and shear retention factor are
predefined in 3DSCAS as 0.2 and 0.25, respectively. Other values could not be specified,
but variations in modeling of local responses (e.g., transfer of shear stress across cracks, or
Poisson's ratio) produce little difference in the global behavior of slabs, as will be discussed
later in this chapter. Hence, these values are sufficiently accurate.

The concrete failure envelope was based on the envelope proposed by Kupfer and
Gerstle (1973). This envelope is shown in Figure 8.12. Depending on the ratio of maximum
principal stress to minimum principal stress (liz), the following four different failures may
occur (Darwin and Pecknold, 1974).

(1) Bi-axial compression
1 > liZ > 0, Failure: yielding and crushing of concrete

1+3.6Su2° = f.k (l+u
2
)2 c

o.c=u1°2e

~"'eca(l-v u~(3p2-2)

J 2
8 k =eca(l-vu.)(-1.6p. +2.2Sp. +O.3SP.)

(2) Bi-axial Tension Compression
o > liz > -0.17, Failure: yielding and crushing of concrete

1+3.28u1
°k= 'Ie

(1 +u1f
°I,·U2°2e

~=8
C11

(l-v u~(4.42-8.38P2+7.~-2.581'1'>
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(3) Bi-axial Tension Compression
-0.17 > liZ > ., Failure: cracking in tension

02c=-O.6S~

°l'=/'
~=eca(1-vllt~(4.42-8.38P2+7.54p;-2.S8P2~

°tt(l-vIII)
eu=--""--""""-

Eo

(4)Biaxial Tension
CO> > 112 > 1, Failure: cracking in tension

where,

oil: .. Maximum biaxial compressive stress in the i'" principal direction

Oil = Maximum bi-axial tensile stress in the i'" principal direction

,., =Strain corresponding to Ok

~ = Strain corresponding to Oil

CIlj = Stress ratio (alaj)
ij=lor2
Eo = Initial tangent modulus of elasticity under uni-axial stress
\I .. Poisson's ratio

pj = (OJ I f e)

The longitudinal and transverse deck reinforcement was simulated with four layers of

steel. The steel was assumed to be smeared, defined by the direction of reinforcing bars and
reinforcement ratio at each integral point. The slab was divided into eight concrete layers

each having identical material properties. An orthogonal smeared crack model was utilized,
and the directions of cracks were allowed to rotate. Potential dowel action of reinforcing

bars across cracks could not be modeled Perfect bond between reinforcing bars and
concrete, and between various concrete layers is assumed in the shell element.

Verification: Prior to conducting the nonlinear finite element analyses, the model as well
as the program 3DSCAS were verified in the elastic as weD as inelastic range. The response
of the test bridge under 40 kips was evaluated by using the programs SAP90 and 3DSCAS
using the models shown in Figures 82 and 8.10. Based on previous analyses, this level of
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load is not expected to cause cracking. The material properties, boundaIy conditions, and
rotational spring stiffness constants were kept identical between the two programs. ~ the
shell element incorporated in SAP90 is intended for isotropic members, the steel ratios at
the Gauss points in 3DSCAS were set equal to zero such that both programs would result
in similar slab flexural stiffness.

From Figure 8.13, it is apparent that the resulting deflection profiles in the transverse
and longitudinal directions are rather close. With the exception of the region near the
abutment, the moment contours in the longitudinal direction are also similar, refer to
Figures 8.14 and 8.1S. The difference in the moments along the abutments is mainly due
to the differences in the stress resultants for the sheD elements in the two programs, as
shown in Figure 8.16. It is evident that the shell element in SAP90 does not consider the
out-of-plane deformations. 'This effect would not be important if the twisting moment (M12)

is not large relative to the flexural moment (Mn). Considering that near the abutments the
twisting and flexural moments are comparable (Figures 8.14 and 8.17), lack of simulation
of the out-of-plane deformations would significantly affect the moments, and hence the

results from the two programs are different along the abutments.
As a further verification, the response of a reinforced concrete cantilever beam under

a concentrated load at the tip (Figure 8.18) was computed by nonlinear finite element
analysis and simple beam theory. The average moment-curvature response (determined
from the Gauss points closer to the fixed support) was compared with that obtained by
conventional layering concepts for moment-curvature analysis (Wallace, 1992). The concrete
and steel constitutive relationships were approximately identical in both approaches. The
cracking and yield moments are rather close as seen from Figure 8.19. The small
discrepancies are mainly due to the formulation differences, i.e. one is based on plate theory
and the other is based on simple beam theory, and shear deformations were not considered
in the simple analysis; and the differences between the constitutive relationships used for
the nonlinear finite element analysis and for the simple moment-curvature analysis.

Results: A Newton-Raphson iteration scheme with automatic stiffness updates every 5
iterations was used. The predicted overallioad-deflection curves of the bridge at Point A

(Figure 8.10) are illustrated in Figure 8.20. A larger participation of concrete beyond the
initial cracking (k..20) resulted in slightly larger strength and stiffness. The ultimate load
carrying capacity of the bridge was estimated to range between 1730 kips to 1835 kips, with
a corresponding vertical deflection of 3.7 in. at Point A. The first yielding of the reinforcing

bars was computed to occur at 1120 kips. This load is considerably larger than its
experimental counterpart (650 kips).

On the same graph, the experimentalload-deflection is also plotted Beyond 160 kips
a distinct difference between the analytical and experimental overall stiffness is observed.
The vertical deflection of the deck at Point A prior to failure (27 in.) was approximately
four times larger than the computed deflection at a load corresponding to the measured
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ultimate load. The total load on the bridge at coUapse corresponded to approximately 40
percent of the pr~Jicted strength. Therefore, the stiffness and strength were clearly

overestimated. The lower and upper bounds of strength as computed by yield line analysis

(446 kips and 636 kips) are closer to the measured strength. An explanation for this
observation will be provided in section 8.3.4.

83 PARAMETRIC STUDIES
Lower computed stiffness and strength may be attnbuted to the existing damage which

was not accounted in the predictive analyses. Of equal imponance are assumptions
regarding geometric modeling and material properties. The modal tests were useful in
identifying the initial support conditions at the abutments. It is questionable whether the
initial boundary stiffness would remain valid under large loads causing significant inelastic
action. For eumple, the abutment stiffness was observed to change significantly as the

testing progressed (see chapter 5).
A number of analyses were conducted to determine the potential sensitivity of the

computed responses to assumptions regrading various critical parameters. The parameters
were the conaete material properties and constitutive relationships, modeling of support

stiffness at the abutments, and simulation of slab-pier cap connection. A majority of these
analyses was conducted by a nonlinear finite element analysis package named POLO
FINITE (Lopez et al, 1987). This program, which was used (or the post-test oorrelation

studies, will be described in detail later in this chapter.

8.3.1 Concrete Mlderlal Cbanderistks
Poisson's Ratio 8DCI Shear Retention Factor: Shear retention factor is a number specified
to reflect reduction of shear force transfer across cracks. This factor is typically taken as

0.25. Three analyses were conducted by varying the values of Poisson's ratio (Y) from 0.15
to 0.2 while selecting 0.25 or 0.4 for shear retention factor (IS). The resulting load-deflection
at point A (refer to Figure 8.10 for the location of this point) is plotted in Figure 8.21. It
is dear that the results are not affected by these two parameters. For all the subsequent

analyses, Poisson's ratio was taken as 0.2 and shear retention factor was set to O.2S.

Tensile StftDItb and POilt-cnddna Behavior: Various models have been proposed to assess
post-aacking behavior of reinforced concrete structures. These models account for the
concrete stiffness between cracks, i.e. tension stiffening. Three models were considered: (1)
a bilinear function (Gilbert and Warner, 1978), (2) the mood proposed by VecdUo-Collins

(1986). and (3) the model developed at the University of Tokyo (Okamura et al., 1985).
These models are illustrated in Figure 8.22. For the same concrete tensile strength, it is
possible to control the amount of tensile resistance in the concrete after crackin" refer to
Figure 8.23. For example, by setting parameter c in the model from the University ofTokyo

equal to 0.2, this model and the Vecchio-CoUins'model are rather dose.



The effects of selecting different post-<:racking models were investigated by computing

the load-deflection response of a panel with twu simply-supported ends and two free edges,
as shown in Figure 8.24. The central deflection of this panel under a concentrated load was
computed by using POLO-FINITE. The observed differences (Figure 8.24) are relatively
small, yet more significant than the effects of Poisson's ratio or shear retention factor. It
should be noted that Vecchio-Collins' model was cahbrated based on tests on heavily
confined panels. In addition, the model developed at the University of Tokyo indicates
some residual tensile strength even for very large concrete tensile strains. This behavior
does not appear to be appropriate for a reinforced conaete slab with little or no

confinement, and particularly if it is damaged. Therefore, in aU the subsequent analyses it
was decided to use the bilinear model in which the tensile strength drops to zero at some
specified strain.

Using the test bridge, the effects of varying two other parameters related to tensile
behavior ofconcrete were studied. These parameters were the magnitude of tensile strength
and the strain at which the tensile strength drops to zero. The bridge was modeled

identically to the model used in the preliminary analyses (Figure 8.10) with Poisson's ratio
and shear retention factor taken as 0.2 and 0.25, respectively. lbree different analyses were
conducted by varying the tensile strength and the ultimate concrete strain at which tensile
stress drops to zero (e.). The resulting load-deflection curves at point A (this location is
shown in Figure 8.10) are presented in Figure 8.25. The results indicate that the response
is somewhat sensitive to the assumed tensile behavior of concrete. Furthermore, the
response cxlubits a more flexible behavior when the tensile strength is reduced.

8.3.2 Support Stiffness at Abutments
The shear keys at the slab-deck connection are expected to provide some degree of

horizontal restraint. As a result, in all the previous analyses the slab was assumed to be
hinged at the abutments. However, the experimental results suggest some level of horizontal
movement at the top of the bridge deck along the abutp~'!nt (see Chapter S). Such
horizontal flenbility is expected to reduce the stiffness and the level of membrane force in
the slab which significantly affect the overall behavior.

Two analyses were conducted to study the effects of horizontal restraint. The geometric

model, concrete material properties and constitutive relationships were kept identical to
those discussed in the aforementioned sections. In one analysis, the horizontal movement

of the slab was restrained by using hint, '5 at the abutments, and in the second analysis the

slab-abutment connedion was simulated as rollers. A drastic difference in the load
deflection response at point A (Figure 8.10) can be seen from Figure 8.26. The computed
ultimate load drops by SO percent when rollers are used, and the stiffness is also reduced.
The reduction is attributed to reducing the membrane force which can be developed in the
slab if it is restrained horizontally, see Figure 8.27. It is clear that at the same level of total
load on the bridge, the membrane force is reduced by as much as 2.5 times when the
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horizonal restraint at the abutments is relaxed. The effects of the horizontal support
condition at the abutments are considerably more sipificant than the other parameters
studied so far. The influence of rotational stiffness at the abutmeaats will be discussed later

in Sections 8.4.1 and 8.4.2.

8.3.3 Gtoaaetrk ModeliDl 01 Slab-Pier Cap Connection
In all the previous models, the pier caps and pien were modeled as frame elements

which were connected to the nodes of the shell elements (Figure 8.28). A rigid end zone
(28- long) equal to pier cap thickness and half slab thickness was specified at the top ofeach
frame element representing the piers. This model is referred to as pier model 1. A second
model (pier model 2) was considered in which the geometric characteristics were identical

to pier modell, except amplifying the torsional stiffness of the horizontal frame element
along the width of the slab connecting the shell nodes to the vertical frame elements. The

torsional stiffness was increased by a factor of 10 over the value obtained from the cross
sectional dimensions of the pier caps. In the third model (pier model 3), the horizontal
frame element was replaced by a thicker shell element as shown in figure 8.28.

Based on the experimental results and observations, the piers or pier caps did not

experience any inelastic action. As a result. elastic analyses were conducted to study the

influence ofvarious techniques for modeling the slab-pier connection. for this purpose, the
response of the bridge for load case 3 of the truck load tests (which was more critical than
the other cases, see Figure 83) was computed by using pier models I, 2, and 3. The
deflection proffies are obviously not affected by the technique used to model the slab-pier
connection, as evidenced from Figure 8.29. In all the subsequent analyses, mO'iell was used
as it is a simple model yet it does not adversely affect the response.

8.3.4 SIUIUIIUY
The response of the test bridge was found to be sensitive to the tensile characteristics

of concrete, and more significantly to the assumed horizontal boundary conditions at the
abutments. This finding is in accord with other observations that meml.nne force could
double flexural strengths of reinforced concrete slabs (Park and Gamble, 1980). The level

of membrane force depends on whether the boundary conditions are restrained horizontally

to develop such force. The changes in horizontal restraint affect the response more
appreciably when the concrete tensile strenJtb is smaller (Shahrooz et al., 1992). A better
estimate of the measured strength by the yield line analyses may be attnbuted to the fact

that the effects of membrane force were not considered.

The previous observations might imply that the large discrepancies between the
preliminary computed results and the eq>erimental strength and stiffness could be remedied

by releasing the horizontal restraint at the abutments. However, this solution is in conflict
with the presence of the shear keys at the abutments. Such shear keys are expected to

provide some degree of restraint against horizontal movement.
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It is believed that this paradox is due to idealizations of geomctIy in simulating the
connection between the bridge deck to the abutments. At the abutments. the rotational
springs, hinges, or rollers were attached to the nodes of the shell elements (representing the
slab) located at the mid-depth of the bridge deck. Even if the bridge deck is restrained
horizontally by the shear keys at the abutment level the rotation of the bridge deck could

result in an apparent horizontal movement at the mid-depth as illustrated in Figure 8.30.
This -rocking" motion of the slab was observed experimentally. Near failure the rotation at
the south abutment was measured to be as large ,.~ 1.~o. Hence, when the horizontal
restraint at the abutments is relaxed, a better Cf:,rrelation of the measured response is
possible because the movement of the bridge deck at its mid-depth is indirectly taken into

account. It should be noted that this approach is overly simplistic, and does not consider
the kinematics shown in Figure 8.30.

An attempt was made to model the expected kinematics at the abutments more
reasonably. The model consists of rigid links attaching the shell elements which represent
the bridge deck to hinges simulating the shear keys at each abutments. as illustrated in

Figure 8.31. The rotational springs are placed at the hinges. This model was utilized in the
correlation studies explained in the following sections.

8.4 POST-TEST CORRELATION STUDIES

As described in detail in Chapter 3, the condition survey of the bottom surface of the
slab revealed light deterioration, comprising of small aacks and minor spaDing. The top

surface bad experienced significant deterioration. Approximately 3 in. of the concrete bad

either deteriorated severely or spaDed off completely along both shoulders over a 6 ft. to 8
ft. width. Several of the rusted top reinforcing bars had been exposed on the shoulders.
Furthermore, the concrete quality and strength were much poorer on the shoulders than the

driving lanes.
The damage was simulated by reducing thickness around the shoulders. Considering the

uncertainties regarding local variations ofconcrete properties, it was decided to use identical
material properties for the entire slab. First, the results from the truck load tests were

correlated. With the same cahbrated geometric model. the response of the test bridge

during the destructive test was correlated.

8.4.1 SbDuJatioa of Results fro. Truck Load Tests
Using SAP90 (HabibulJah and Wilson, 1989), the bridge was modeled as shown in Figure

8.32. The slab thickness was reduced at the shoulders according approximately to the field
measurements. The thickness along the eastern (zone A) and western (zone C) ~oulders
was reduced by 3 in. and 1 in., respectively (see Figure 8.32). The nominal thickness (17.2S
in.) was used for the driving lanes (zone B). The abutment-slab connection was modeled
as dcsc:nbed previously (Figure 8.31), and the stiffness of the rotational springs along the

abutments was selected based on the modal test results. The total spring sti1fness in the x

8-11



and y directions along the abutment were 43,740 k-in/rad. and 75,760 k-in/rad., respectively.
The slab-pier cap was modeled similar to the preliminary model described in Section 8.3.3.
The measured value of modulus of elasticity (approximately 5,000,000 psi) was used, and
Poisson's ratio was taken as 0.20.

The resulting deflection profiles in the longitudinal and transverse directions are plotted
in Figure 833. It is clear that the experimental results are correlated very closely. Hence,
the effects of damage were apparently simulated properly.

Some of the rotational stiffness observed during the modal tests is taken into account
by the improved model of the slab-abutment connection. To verify this observation, the

rotational springs were completely removed from the hinges located at the level of shear
keys (Figure 831). The resulting model is labelled model 2. As seen from Figure 8.33, the
deflection profiles did not change noticeably. Hence, these rotational springs could be
eliminated for the elastic analyses.

8.4.2 Correlation 01 Results froID DesIructift Test
ModeUa&: The correlation studies were conducted by using a ge''1eral-purpose program for
linear and nonlinear finite element analysis program called POLO-FINITE (Lopez et al.,

1987). This program was installed on a 400-series Apollo workstation. It has several
element types and material models. In contrast to 3DSCAS, the elements and material
models are independent of each other and can be combined. Several different material
models can be used in conjunction with one element. The particular elements selected from
the element bbrary were a 3-D frame element with a linear material model, a spring
element with a nonlinear material model for which several segments with identical tensile
and compressive properties can be specified, and a 9-node isoparametric shell element with
a nonlinear material model The shell element is identical to that implemented in 3DSCAS,
but the material model is different. One of the major differences is the concrete failure
criterion. A four-parameter failure surface defined by a triaxial strf".SS function has been

incorporated (Hsieh, Tins. and Chen, 1982). This function is as foLO\\~, and it is shown in

Figure 8.34.

where

11 .. the first stress invariant = 01 + 0z + 0,;

J2 • the second deviatoric stress invariant ==
[(01 - ozt + (oz - oJt + (03· 011)/6; and

°1,°20 and 0, are the three principal stresses.
Based on the experimental data from Kupfer, Hilsdorf, Rusch (1969), the values of A. B,
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C, and D can be shown to be 2.0108, 0.9714, 9.1412, and 0.2312, respectively (Gallegos
Cazares and Schnobrich. 1988). These values were used herein. Depending on the loading
conditions, three modes of failure are defined by a crushing coefficient a::

(1) Pure cracking. a: < 1
(2) Pure crushing. a > (1 + v)/(I- 2v)
(3) Mixed mode, 1 s a s (1 + v)/(I- 2v)

where
v is Poisson's ratio,

8 is an angle in the deviatoric plane, which is defmed as:

The angle e ranges between -6()0 and 60".

The geometric model including slab-pier connection and simulation of damage is
identical to that used for the linear finite element analyses. The mesh sizes are different
as the shell element coded in SAP90 is a 4-node element, whereas the element in POLO.
FIN1TE is a 9-node element. The mesh layout is illustrated in Figure 8.35. A number of
models were used to represent the slab-abutment coMection. These models will be
discussed in the following ~'Ubsection. The material properties are identical to those used
in the preliminary nonlinear analyses, with the exception of the tensile stress-strain

relationships of the concrete. The tensile strength was taken as 300 psi, and a bilinear
model was used to simulate tension stiffening behavior of the concrete, as discussed in
Section 8.3.1. The strain at which the tensile stress drops to zero was taken as 10 times the

aacking strain. The stiffness of the rotational springs was kept identical to that used in the

linear analyses. The reinforcing bars were assumed to be smeared, defined by the direction

of reinforcing bars and reinforcement ratio at each Gauss point. Eight concrete layers and
four steel layers (top and bottom bars in each direction) were used as part of modeling of
the bridge deck. An orthogonal smeared cracked model was utilized. and the directions of

cracks were allowed to rotate.

Iles1IIts: A restart option in POLO-FINITE was used such that the convergence of the
results can be checked intermittently, and modify the nonlinear solution parameters can be
modified as necessary. A Newton-Rapbson solution method with stiffness updates every five
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iterations was implemented. The stiffness matrix was updated automatically at the beginning
of each load step. Prior to cracking, the total load on the bridge was increased at intervals
ranging between 40 kips to 64 kips. After cracking. the load increments were approximately
doubled. As the failure load was reached. the load increments were reduced bacIc to those
used prior to cracking. Finally, near failure the loads were increased automatically by the
program. That is, if no convergence could be reached within the specified number of
iterations and tolerances, the load step was reduced to one-quarter of the previous value.

In modell, the slab-abutment connection was similar to that for the linear finite element
analyses (Figure 8.31). The resulting load-deOection at point A (the location of this point
is shown in Figure 8.10) is compared with the experimental result in Figure 8.36. A rather

good correlation of the experimental strength and stiffness is observed for loads as large as
about 500 kips. Nevertheless, beyond this point the computed and experimental results
deviate significantly. This deviation may also be seen from the computed deOection profiles
along grid lines D and 4 (refer to Figure 8.3) which are compared with the experimental
results in Figure 8.37. This difference is more pronounced beyond 512 kips. The measured
and computed rotations along the south abutment are compared in Figure 8.38. It is clear
that this model has failed to match the measured response. For example, the computed slab

rotation at ROTl (the location is shown in Figure 8.35) decreases beyond about 400 kips
while the experimental data indicate a continuously increasing trend with larger loads. The

correlation is somewhat ootter for location ROn (the location is shown in Figure 8.35), but
beyond about 250 kips the experimental data show a rapid increase in rotation while the
computed rotation increases at a much slower rate.

To increase the rotation along the abutment, a reduction of the rotational stiffness at
the abutments appears to be a plausible solution. Nevertheless, a complete removal of the
rotational springs (model 2) did not appreciably change the load-deOection, deOection
profiles, and rotation at the south abutment (refer to Figures 8.36, 8.37 and 8.38). This
behavior, which was also obselVed in the elastic range, suggests that the large differences

are not due to the magnitude or distribution of the rotational springs along the abutments.

ReIIDed ModeUna: As mentioned previously, the level of membrane force is expected to

notably influence the overall behavior of the slab. The experimental data indicate that the

horizontal restraint at the south abutment was reduced during the destructive test, altering

the level of membrane force which can be developed in the slab. To simulate this behavior,
a refined model was constructed by using horizontal springs attached to roDers at locations
corresponding to the shear keys (Figure 8.39). Considering the insignificance of the
rotational stiffness along the abutment, the rotational springs wece removed. The
experimentally-obtained rotations along the abutment shown in Figure 8.38 appear to

indicate three limit states with prOJfessively reduced stiffness. This behavior was simulated

by using a trilinear load-deflection response for the horizontal springs as shown in Figure

8.39. Due to inadequate experimental data, a trial and error procedure had to be fonowed

8-14



to define the characteristics of the trilinear horizontal springs.
Under small loads. the shear keys are expected to provide horizontal restraint. Hence.

the slope of the first segment at each horizontal spring was arbitrarily set to a large value.
The last segmental slope of this nonlinear spring is automatically pre-defined as zero by the
program. llu~ slope of second segment and two break points were obtained by following

procedures: (i) Define the location oflhe first breakpoint- An analysis was performed by
assigning the deflection at the first break point of each horizontal spring as a very large

value (Le. 1 inch). The computed deflection profiles at each load step was then plotted. By
comparing these displacement profiles with the experimental data, the maximum tota1load
up to which a good correlation was still possible could be established. The spring force

corresponding to this load step was used to establish the deflection at the first break point
for each spring. The procedure is shown schematically in Figure 8.40. This procedure would

result in different break point displacements for each horizontal spring. (ii) Define the slope
ofthe second segment- By giving different values to the second slope. the deflection profiles

were computed. This procedure was repeated until an optimal slope leading to a good
correlation of deflection profiles was found. (iii) Define the second breakpoint- In order

to avoid numerical instability problems, the load at the second break point of each spring

was selected such that this load could not be reached when the bridge had developed its

llltimate load.
The final stiffnesses of horizontal springs, and the break points are summarized in

Figure 8.41. To match the measured global and local responses, four types of springs were
identified (Type A. B, C, D shown in Figure 8.41). It is clear that the spring constants near

the east shoulder are considerably smaller than the corresponding values near the west
shoulder. This observation corresponds to the level of damage which was more extensive
near the east shoulder, and also because of the differences in finite element mesh sizes in
the east and west shoulders. It should be also noted that the springs attached to the
-internalM nodes (e.g. nodal no. 2, 4, 6, etc.) are expectedly larger than those attached to

-external- nodes (e.g. nodal no. 5, 7, 9, etc.). Considering the trial and error nature of
identifying the characteristics of the horizontal springs, the slopes and break points indicated
in Figure 8.41 are not unique solutions.

In this refined mode~ the gross cross-sectional properties of the cross-hatched region
shown in Figure 8.30 were used to define the properties of the rigid links connecting the
hinges to the shell nodes. The cross-hatched region is composed of the portion of the slab

within the length of the shear key, slab thickness, and width of the slab. The nonlinear

solution strategy is identical to that discussed previously, but the load steps were changed.

The load steps were equivalent to 4, 8, 12, 16. and 20 truclcs (each weighing 32 kips).
The resulting load-def1ection at point A (refer to Figure 8.10 for the location of point

A) and the slab rotations at ROn and Ron (the locations are shown in Figure 835)
correlate very well with the experimental data, as illustrated in Figure 8.42. Furthermore,
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a reasonable match of the deflection profiles is clear from Figure 8.43. Using the cah'brated

model, it was also possible to match very reasonably the locations and load at which the ftrst
yielding in the reinforcing bars were detected. The experimental results suggest that the

bars at locations 4, 8, 13 (refer to Figure 8.44) yielded when the total load on the bridge was
approximately 650 kips. The first yield was computed to be at locations shown in Figure
8.44 corresponding to a total load equal to 640 kips.

It is noted that the test bridge failed when the total load reached 704 kips, and the strain

gage readings indicated that the slab reinforcing bars had just yielded at a few locations
when the bridge failed. These readings reinforce the observed failure mode that the bridge
failed predominately in shear. The flcmral capacity of the slab had not been developed at

failure. The analytical model dose not account for inelastic shear response. Therefore, the
computed ultimate load (800 kips) was larger than the experimental result (704ldps). Shear
stress contours at 800 kips (ie., the computed ultimate load) indicate larger magnitudes
along lines AA and BB, refer to Figure 8.45. It is expected that shear failure would be
initiated along these two lines, which approximately coincide with the observed failure

pattern (Figure 5.17).
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CHAPTER 9: CONCLUSIONS

9.1 GENERAL CONCLUSIONS

This project began with three basic goals: 1) To test a highly redundant structure, a
slab bridge, to failure in an effort to better understand the capacity and behavior of such a
structure; 2) To use various methods of nondestructive evaluation to assess the bridge
condition. Specifically, material sampling, modal testing and truck load testing were used;

3) To examine the various methods of analyzing and rating the bridge to assess accuracy
and usability. All three goals were accomplished.

The test bridge was a three span concrete slab bridge. This structure had abutments and
piers skewed at a 300 angle. The bottom of the slab, the piers and the abutments were in
reasonably good condition. The edges of the slab and the shoulder area on the top of the
slab were severely deteriorated, often with reinforcing bars exposed. The driving lane area
on the top of the slab was still sound. Petrographic and other forms of material analysis
indicated that the deterioration of the concrete was due to poor quality aggregate which was
susceptible to freeze/thaw cracking and alkali·silica reaction and a lack of proper air
entrainment in the paste. Tests on the reinforcing bar revealed that the rebar retained its
basic yield and ultimate strength, but that the loss of area due to corrosion was as much as
35%.

In spite of the severe deterioration, the bridge still held over 720,000 pounds before
failing. This was equivalent to 22 HS.20 trucks. Final failure appears to have oa:urred
when the shear capacity of the deteriorated shoulder was exceeded. A shear crack
propagated from this shoulder in an arc around the points to the abutment. The failure
surface was heavily influenced by the rebar layout and followed the cut off bar ends.

The bridge behavior was highly influenced by geometric conditions and the load carrying
mechanism varied during the test Originally, the bridge carried the load parallel to the
traffic lanes. At a load of about 225,000 pounds, there was an abrupt change in the stiffness
at the abutment. After this change, the bridge slowly redistributed the load to a path
perpendicular to the skew, the more natural load path (as shown by linear finite element
analysis). This change in load path was not sudden, but gradual. As a result, most of the
limit states identified were associated with chang~ in the load path. Umit states dealing
with cracking of the concrete were reached late in the loading cycle and yield of the rebar
had just begun at failure.

The basic conclusion from the destructive test was that the slab bridge }lad far more
capacity than had been anticipated and, in fact, it highly improbable that the final failure
load could have even been placed on the bridge by traffic. This bridge could have been
repaired and its service life extended had the true capacity been known beforehand.
However, the brittle shear failure is of concern and more research into the capacity of
deteriorated concrete is indicated.

Nondestructive testing proved to be a useful, although sometimes cumbersome, method
of detecting damage in the bridge. Originally, the bridge deck was covered with an asphalt



overlay which prevented the research team from evaluating the bridge; cleek condition.
Coring revealed that the shoulder region was deteriorated, but the extent of deterioration

could not be determined without taking an inordinate number of cores.
Since the bridge can be modeled as linear under service loads, comparisons between the

truck load tests and a linear FE model provided useful information. Damage to the
shoulder and edge regions was detected as these regions were more flexible than the model
predicted. However, the major drawback to the truck load testing was that it is only useful
when the load is of sufficient magnitude and properly positioned to activate the damaged
area. As a result. a large number of different truck positions would be needed for a

complete test.
Modal testing showed a great deal of promise for nondestructive testing due to its ability

to provide a modal flenbility matrix. This matrix can be used in conjunction with finite
element analysis to detect damage in the entire structure. Initial tests were able to detect

damage to the shoulder areas and in the northwest comer of the north span even through
the asphalt overlay, but without an available baseline test, the results were largely
qualitative. However. when the initial test was used as a baseline for the destructive test.
modal analysis was able to accurately detect the severe damage to the slab weD before it was

visIble or detectable by other means.
The bridge was rated in order to provide insight into the current rating system. Rating

was performed under the 1983 and 1989 AASHTO Guidelines and by finite element
analysis. In all cases. the rating was governed by the negative moment capacity over the

piers. The rating was heavily influenced by the choice of material properties. Using the
assumed values given in the AASHTO guidelines. the bridge was found to be deficient
under both AASHTO rating methods (RF < 1). The bridge was found acceptable under
both AASHTO methods when actual material properties were used. When a linear finite

element program was used (SAP 90), the rating factor increased, but not substantially.

When performing a rating, safety factors are included. Theoretically, if the safety

factors are removed the result should be the bridge capacity. After removing the safety
factors. the 1989 AASHTO Guidelines predicted yield at 5 equivalent trucks while the finite

element program predicted yield at 10 equivalent trucks. Evidence from the destructive test
indicated that yield was detected at 20 equivalent trucks (although uninstrumented bars may
have yielded at 17 equivalent trucks); a much higher level than predicted by the rating
process. This confirms that the current process does not fully utilize the capacity of slab
bridges and even finite element analysis may considerably underrate their actual resources

of strength.

Nonlinear and linear finite element analyses indicate the importance of the tensile
behavior of concrete and more significantly membrane force, particularly in the inelastic

range. Due to the significance of membrane force, which is influenced directly by the
support conditions at the abutments, a careful modeling of slab-abutment connection is a

prerequisite for detailed evaluation of slab bridges. Such models must simulate the expected
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kinematics at the abutments, and be able to -regulate" the level of membrane force

developed in the slab at different limit states. Only after careful calibration of slab

abutment model was it possible to correlate the measured global, regional, and local
responses. Simulation of existing damage in deteriorated bridges is also an important
component of comprehensive analysis. Considering uncertainties regarding local variations
of material properties, simple techniques such as reducing the effective slab depth of the
deteriorated regions appears to be adequate. More refined damage models are needed.

The sensitivity of analytical responses points to the fact that the "actual" ultimate
strength and stiffness characteristics of slab bridges cannot yet be established through

nonlinear finite element analysis (NLFEA). For design of new bridges or upgrade of

existing structures, upper and lower bounds of behavior need to be determined by
parametric studies conducted by NLFEA.

9.2 SPECIFIC CONCLUSIONS FROM EACH CllAPfER
9.2.1 Chapter 1 Coaclusions

Research has shown that the capacities of highly redundant structures, such as reinforced

concrete slab bridges, are not well understood. Other research, or perhaps more correctly

lack of research, has indicated that the capacities of deteriorated structures are not well
understood due to difficulties in detecting and assessing the severity of damage and how
local damage affects structural capacity. This research was designed to completely study a
deteriorated slab bridge through a combination of nondestructive testing, destructive testing

and analytical modeling and rating. It is hoped that this research will provide insight into
the behavior of deteriorated slab bridges and provide some rational basis for future

decisions about their repair or replacement.

9.2.2 a.pter 2 Conclusions
Core tests indicated that the bridge deck concrete had strengths between 7180 and 8180

psi with an average strength of 7660 psi. Samples of the reinforcing bar were machined into
standard ASTM tensile specimens and it was found that the reinforcing bar was grade 40
with an average yield strength of 49,000 psi and an average IJitimate strength of 98,000 psi.

9.2.3 a.pter 3 Conclusions
All three bridge spans showed about the same level of deterioration on the shoulders

and edges of the deck. The cores showed that horizontal cracking and fragmentation
occurred up to 4 feet to 6 feet from the east and west edges of the deck (to the edge of the

roadway lanes). There were also signs of deterioration in the west lane of the north span

as cores in this area came out fragmented.

A petrographic analysis was performed of core samples and samples removed after
destructive testing. It was confirmed that cyclic freezing ("0" cracking) of the agregate bad
damaged the shoulder concrete and alkali silica reaction (ASR) had also formed in these
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areas. Ettringite formation and leaching of soluble compounds had also OOCUJTed.
The most probable cause of deterioration of the bridge deck is that water, snow, and

deicing salts were brushed to the sides of the deck by plows and traffic. Some of it laid on
the shoulders while the rest washed over the edge of the deck. The drainage of the bridge
was very poor and salt laden water and snow was probably retained on the deck. The water

that melted over the edge of the deck may have seeped in between the asphalt and concrete
deck due to a poor seal and water and melted salt that had soaked through the asphalt layer
was caught between the two layers. This would have saturated the concrete. The asphalt
layer may have done more harm than good by trapping water and salt and allowing it to

saturate the side areas of the deck. Once saturated, the large aggregates "D" cracked under
freeze/thaw cycles and caused horizontal cracking in the deck. After horizontal cracks due
to "D" cracking had occurred, the water and salt that drained off the edge of the deck
penetrated the cracks and provided an environment for ASR.

"D" cracking had occurred before ASR set in, because cracking had first OCCUl'!'ed at the

rehar level. which is characteristic of "D" cracking and not ASR. ASR cracking oa:urs
between the rchar levels in good concrete because the rehars put compressive stresses in the

concrete at the rebar levels as the concrete expands. The "0" cracking began the first time
an aggregate was saturated and the temperature dropped below O"C, which was probably the

first winter during the life of the bridge.
ASR had also caused a considerable amount of damage, but it took longer for the

alkalies and silica to react and reach a damaging stage. ASR and "D" cracking worked
together in the later stages of deterioration. The ASR cracking had foUowed the path of
the existing "D" cracking because this was the path least resistance. It was hard to

distinguish between cracking due to ASR and "D" aacking, and more research is needed to
determine the t'JPe of cracking caused by the two mechanisms in bridge decb.

The top layer of concrete on the east and west shoulders of the deck was spalled. The

rebars on the east shoulder of the deck were severely corroded due to rusting while those

on the west shoulder were not rusted, so that the expansion of the rebars due to rusting did
not cause the concrete to spall on the west side. The rusted bars on the east shoulder might

have contn"buted to the spalling of the top layer of concrete, but this is not certain since it

is not known when the corrosion oocurred. Corrosion of the east shoulder steel may have
occurred after the top layer of concrete spalled.

Many of the reinforcing bars on the east shoulder of the deck were severely corroded.
However, testing showed that the internal strength parameters, yield and ultimate streu,

were not affecteJ by rust on the reinforcing bars. The rusted rebar was 95% effective in
carrying loads, once the cross sectional areas were adjusted for area lost due to corrosion.

For the calculation of the load carrying capacity of a deteriorated bar, the areas along the

length of the bar would need to be measured very carefully after cleaning all loose rust and

the capacity could be estimated using 0.95·A--s*t,as a safe load capacity for corroded

steel bars.
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When compared to unrusted bars, it was found that the rusted bars had lost a
considerable amount of cross sectional area. Some of the bars had lost up to 34% of their
original area, while most had lost 5%-21%.

9.2A Chapter 4 CoDduskNas
When planning the instrumentation for tests, it is necessary to consid~ the quantities

being measured, the probable value of those quantities and conditions under which the

quantities will be measured. For the destructive test, a combination of field measurements,
analytical studies and careful assessment of field conditions all played vital roles in the final
instrument selection. Four instruments were selected: :t1- range DeDTs, 10- range slide
wire potentiometers, bondable strain gages and clip gages.

Careful ca1Jbration can uncover bener accuracy in many instruments. It is also necessary
to ca1Jbrate instruments with actual cabling and data acquisition system which will be used
since the cables and data acquisition system may affect the instrument performance. The
slide wire potentiometers and DCDTs were carefully calibrated and four separate types of
error were identified and evaluated. The types of error were linearity, repeatability,
hysteresis (including bCt~lcruh) and drift. The accuracy of the instrument was found by

combining the numerical values of the errors. The careful calibration also identified the

dominant error. In the case of the DCDTs the dominant error is linearity for which

compensation is possible. After minimizing the linearity error in the DeDTs, accuracy was
increased by four to ten times (depending on the range used) over the manufacturer's stated
values. Accuracy of slide wire potentiometers was increased by a factor of two.

Finally, it is important to note that laboratory ca1Jbration is not, in itself, sufficient. The

actual field conditions can affect the behavior of the instrument. It is vital to check the
performance of the instrument in the field prior to any testing.

9.2.5 Chapter 5 CGDClusions
Destructive load testing can reveal a wealth of information about ~ral condition

and projected performance. The results of visual inspections, non destructive tests and

destructive load testing can be combined to provide the necessary information for modeling
structures. However, in order to obtain reliable information from either service (design)

load testing or destructive testing. great care must be taken in the design of the test and the
instrumentation. Measurements of load and deflection can be useful, especially in detecting
loss of stiffness due to damage. However, to fully understand the complete behavior of a
bridge (or any structure), it is also necessary to measure boundary rotations, boundary
movements, material strains and local deformations.

The bridge displayeD limit states 224,000 pounds (7 equivalent H5-20 true1cs). 384,000

pounds (12 trucks) and 544,000 pounds (17 trucks) before failing at 720,000 pounds (22

trucks). The first two limit states have been associated with changes in the boundary

conditions. Initially. the bridge carried the load parallel to the traffic lanes even though it
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is more natural for a skew bridge to carry loads perpendicular to the skew. At the first limit

state, there was an abrupt change in the stiffness at the abutment. After the fU'St limit state,
the bridge began to slowly change the load canying mechanism to the more natural skew

mechanism. The second limit state (384,000 pounds or 12 trucks) seems to mark the end

of this transition. It is of interest that the first two limit states are associated with

geometrical considerations rather than the usual material considerations (i.e. yield or

cracking).
The third limit state (544,000 pounds or 17 trucks) seems to be associated with material

behavior. This limit state was marked with additional cracking and it is suspeded that some

of the uninstrumented reinforcing bars may have begun to yield.
The bridge carried a total of 720 kips before failure. This was equivalent to 22 HS-20

trucks. However, the failure was in shear, not flexure. It is believed that the final failure
surface began as a crack in the deteriorated shoulder region. The final failure surface was
an approximate arc which followed the ends of the cut off negative steel bars on the top of
the slab. The shear failure was a surprise since the shear capacity, as predicted by the ACI

code, was much higher than the failure load. This leads to concern over possible nonductile

failure and the inability of current methods to predict the behavior of damaged concrete.
The severe deterioration along the shoulder area did not appear to seriously affect the

service load bridge performance. although loss of stiffness in the damaged region was clearly
detectable. This deterioration appeared only to affect the ultimate strength of the bridge.

Since the ultimate strength at failure was many times the probable maximum traffic load,
it is possible that the bridge could have served for many more years if the bars had been

cleaned and the area resurfaced although the effect of repairing the damaged shoulders on

the ultimate load capacity is uncertain.

9.1.6 Chapter 6 Coadusioas

9.1.6.1 Repnling the Modal Test Procedure

System identification by experimental methods is crucial in determining the true
characteristics of any structure. The governing characteristics of the structure are expressed

as system parameters in an input-output relation. Whether the system parameters are to
be used in a structural identification scheme for evaluating the performance of the structure
or for the purposes of designing a control system, accurate determination of these

parameters is very important. In structural dynamics these parameters are natural
frequencies, damping values and modal vectors.

M an experimental tool for structural identification of highway bridges, modal testing.

and especially impact testing, performs very well. As a result of an extensive impact test on
a medium size r.lab bridge, the first twenty natural frequencies, damping values and modal

vectors may be determined. Compared to other forms of excitation (sine sweep, random,

etc.) which fl!JQWre a large exciter, impact testing has demands lesser hardware and

manpower needs. Furtbermore, since impact testing may be performed without the need



to completely close a bridge to traffic, it is a feasible experimental method for existing
highway bridges during use.

Data Acquisition: Several critical observations pertaining to the impact testing of large civil
structures and especially bridges are listed below:

i) A preliminary finite element model of the bridge aids in the design of the impact test
in tenns of selecting the grid and positioning of the accelerometers as well as the estimated
locations of the modes

ii) Geometrically similar structures have similar mode shapes. Therefore, by forming
a database from all the tests performed on different bridges, it is possible to choose an

appropriate test grid and locations for the reference transducers. Locating the reference
instruments on maximum amplitude positions in the mode shapes greatly helps to capture
the modes and improves the signal-ta-noise ratio in the measured frequency response

functions.

iii) A simple single reference test performed prior to the actual impact test helps to
select the frequency range of interest.

iv) A good rule of the thumb to improve signal-ta-noise ratio is to use a high number

of averages. In the tests conducted on this bridge fIve averages per point were used. It is
felt that if more averages had been taken, the data would have been cleaner and easier to

manipulate. However, in selecting the number of averages for a ~rtain test, factors such
as the size of the SlI'UCtUre, magnitude of the input force and most importantly time

constraints must be taken into account.

v) To better excite the higher modes of the structure it is recommended that a force
level higher than the one used here, be employed. Development of an automated, powerful
impact hammer specially designed for highway bridges would help to reduce signal

processir.g problems by delivering consistent impacts and a higher signal-to-noise ratio.
vi) All other data acquisition settings such as exponential window decay rate, trigger

delay time and amplification are naturally dependent on the structure being tested and
should be adjusted prior to the aetualtest to give the best frequency response functions.

vii) Another important consideration specific to bridge testing is fixing of the transducers

on the structure. In general hot glue performs very well. However, if regions of the bridge

where transducers or hit points are located have deteriorated and concrete is loose, tht'"n
these locations should be cleaned or scraped until sound concrete is reached. Locating

transducers or hitting on loose aggravate causes inaccurate measurements and frequent
overloads.

Data Reductioo: Due to the noisy nature of the data and reciprocity problems, performing

parameter estimation on bridge impact test data can be tedious. In the case of this bridge,
parameter estimation of the modes between twelve and nineteen was troublesome. The

problem stemmed not only from the noise in the data but also from the closely coupled
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nature of the modes. At times separating the modes became quite a challenge. Complex
Mode Indicator Function (CMIF) parameter estimation algorithm performed well in
locating the modes. Therefore, CMIF was used as a first step algorithm before the more

sophisticated Polyreference Time Domain (P'ID) method was used to estimate the
frequencies and damping. For estimating the modal vectors, Polyreference Frequency
Domain (PFD) method was used. With PFD, it was possible to incorporate the effects of
the modes outside the frequency range (residual terms).

After performing parameter estimation on the data, it was seen that the modes of the
structure were gr.luped in two categories: global modes and local modes. Although the
global modes were captured by almost all of the references, the local modes of the three
spans were captured mainly by the references located on each respective span. When
estimating the local mode of a span, it was observed that the contnbution of the transducers
located on other spans was negligtble. Therefore, in order to eliminate the possible
distorting effects of the other references, only the transducers located on one span were
used to estimate the modes of that span. This procedure, called selective reference method,
produced better curve fitting and more accurate frequency and damping estimation.

9.2.6.2 ReprdiDg the Use 01 Modal Testing as a Nondestrudive E"8luatioD Tool
This study has shown that impact testing and subsequent post processing of its results

can be used as a health monitoring tool for many of the existing highway bridges. Provided
that a modal baseline exists, modal testing is a far better solution to detecting structural
changes than many of the historically used nondestructive meth~ on bridges. Commonly
used methods for rating bridges such as static and moving truck load tests and rroof load
testing are cumbersome and do not provide comprehensive quantitative results about the
present state of the test specimen. On the other hand, localized damage detection

procedures such as core sampling, acoustic imaging, impact echo techniques and visual
inspection do not provide any information about the globaJ state-of-health of the bridge.
When used in conjunction with the proposed methodology, however, they may become
increasingly useful for localized evaluation.

The results of the two impact tests done before and after twenty equivalent rating truck
loads demonstrate the ability of the modal test to predict and quantify the damage the
bridge had sustained. Changes in the frequencies and damping values hinted at the
presence of damage. However, no changes in the mode shapes were observed. Such
changes can only be observed in the high local modes which may be captured by highly
advanced modal filtering methods. The development of such special data processing methods
is a future research topic.

The most striking observation was made possible by the use of the fleubility profile
method. When the Oeuoility matrix obtained from the results of the modal test was loaded
with different loading configurations, the resulting deflection profiles clearly revealed the
location of damage.



In the absence of a baseline modal mode~ using a calibrated finite element model as a

baseline was attempted. The tlelUbility profiles of this ana1ytical model are compared to the
ones obtained from the first modal test to identify discrepancies and anomalies. This study

was qualitative in nature and showed promise to identify gross structural damage or

degradation.

Dynamic monitoring of critical highway bridges is seen as a feasible alternative to

present inspection methods. A monitoring program may be divided into two parts:
i) modal testing and finite element modeling to form a baseline model on existing

critical bridges (new or already in use) and,

ii) periodic monitoring of the bridges. This can be in the form of acquiring operational

data and monitoring possible shifts in the natural frequencies. When changes in the

frequencies are recorded, a modal test and subsequent studies may be performed to fu1ly
diagnose the problem.

Such a bridge monitoring program could lead to "smart" vibration monitoring systems being

placed on critical bridges in the future. It should be emphasized that the process of modal

testing and subsequent analyses requires extensive expertise and is not yet in the realm of

standard bridg~ engineering practice. However, until more sophisticated, commen,'ialIy

available deflection meouuring methods such as laser holography are developed for civil
structures, obtaining the tlelUbility matrix and subsequently the 3-D deflection profiles from

the results of a modal t~t appear to be a promising tool in the health monitoring process

of critic.al bridges.

9.2.7 Chapter 7 Conclusions
Bridge rating software presently used by highway engineers generally conducts analyses

with ovel-ldealized analytical models. Several programs have been more recently developed

that can aid the engineers in bridge design and rating (ref. SAP90 Bridge Module).

However, even these paclcages lack the capability of more advanced finite elements such as

shell elements. Hopefully, improved packages will be available soon. At present, the time

requirements needed to rate a bridge using FEM is considerably more than would be

praeticaJ. in most cases.
Overall, based on these ratings, the bridge has been proven worthy and capable of

continuing operations as normal. The worst rating factors were based on the code material

properties and would warrant the posting and eventual replacement of the bridge. However,

when the measured material properties were used, the bridge passed all rating easily and

would only appear to be in need of repair.

These ratinp are all based on a RC slab bridge and findinp here should not be carried

over to other bridge types. Also, the skew nature of the bridge creates special conditions.

Therefore, care should be taken in any attempt to use the findinp here on any other type

of bridge, or a non-skewed slab bridges.
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9.2.8 Chapter 8 Conclusions
Through linear and nonlinear finite element analyses it was possible to make some

important observations regarding modeling of reinforced conaete slab bridges. It became
apparent that the tensile behavior of concrete and more significantly membrane force in the
slab greatly influence the response, particularly in the inelastic range. The level of
membrane force which can be developed is directly influenced by support conditions at
abutments. For cases where supports are restrained horizontally, which will result in large
membrane force, strength and stiffness are magnified appreciably. Other parameters such
as shear retention factor, Poisson's ratio, or modeling of slab-pier cap are not apparently
important.

Considering the significance of support conditions, a proper modeling of the slab
abutment connection emerges as one of the most important modeling steps. A successful
model must simulate the excepted kinematics, Le. allow "rocking" of slab while restraining
horizontal movement at shear keys. Only after developing such comprehensive model was
it poSSIble to replicate reasonably both the measured local and global responses of the test
bridge. Other simple methods such as complete removal of horizontal restraints at the
abutments may lead into acceptable correlations, but these techniques do not account for
the deformation kinematics at abutments.

Simulation of damage is a prerequisite for comprehensive modeling of deteriorated
structures. For the test bridge, a simple method involving reduction of slab thickness in the
regions where damage had occurred was found to be sufficient. Considering uncertainties
regr~ding local variations of material properties even in new structures, models where
concrete properties (most notably compressive and tensile strengths. and modulus of
elasticity) are varied locally appear somewhat questionable.

Simple yield line analyses gave very close estimates of the measured strength. Response
of the test bridge and mode of failure, however, suggest a significant influence of shear.

Only a limited number of bars was at or beyond yield at failure. Hence, the close match
between the total load resisted by the bridge and that predicted by yield line analyses
appears to be coincidental.

The nonlinear finite element analysis was found to be reliable only after careful
modelingof material properties, simulation ofboundary conditions, and geometric modeling
of the entire slab-pier system. H experimental data are not available to cahbrate the modeL
the upper and lower bounds of the ultimate strength and stiffness characteristics should be
establishp.d by parametric studies.
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